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PREFACE. 



In this elementary treatise the Author has endea- 
voured to present in regular sequence some of the 
more important details relative to iron and steel as 
applied to structural work. 

Examination has been made of processes attending 
the production and manufacture of iron and steel, 
because such matters properly constitute the starting- 
point of knowledge, and also for the reason that 
familiarity with details of this kind affords a useful 
clue to the probable behaviour of materials when 
they appear in manufactured forms. Further, the 
Author has attempted to furnish in a manner con- 
venient for ready reference the most reliable infor- 
mation as to the physical properties of iron and 
steel, to explain the nature of stresses and strains, 
and to indicate the methods adopted for their 
measurement. 

Joints and connexions have naturally occupied a 
considerable share of attention, for such details arc 
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of the utmost importance in every department of 
constructional work. The principal forms of struc- 
tural iron and steel have been described and illus- 
trated, as well as the manner in which they may be 
practically applied as ties, struts, columns, and beams. 
Roofs and other framed structures have not come under 
notice, for no incidental reference to so comprehensive 
a subject could possibly be useful or satisfactory. 

So far as building construction is concerned, there 
can be no doubt whatever that the age of steel is 
still in its infancy, and if the architect of the future 
is to be, as he ought to be, the master of his pro- 
fession in all its branches, he must inevitably make 
it his business to become thoroughly familiar with 
all the details of iron and steel construction. 

The greater portion of this work originally ap- 
peared in the columns of The Builder^ and although 
primarily written for architectural students, it is 
hoped that it may also prove useful to others who 
may be professionally concerned with structural iron 
and steel construction. 

W. N. TWELVETREES. 



47, Victoria Street, Westminster, 
October^ 1900. 
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INTRODUCTION. 

Each succeeding year brings fresh evidence of the changes 
taking place in connexion with the practice of various arts 
and sciences. Amongst these architecture exhibits com- 
paratively little indication of advancement, either in theory 
or in practice. We say comparatively little, because the 
real progress which has been made is dwarfed by the 
enormous concurrent development of other arts and 
sciences. Architecture as a fine art was known, practised, 
and brought to a state of what appears to have been 
perfection many centuries ago ; as a practical science it has 
al^vays provided, more or less satisfactorily, for the application 
of materials to the requirements of climate, to the customs of 
a period, and to the necessities of an occasion. Thus it is 
that, surrounded by the wonders of latter-day science and by 
the opening up of new departments of engineering, the art 
of building seems to be almost at a standstill. Ministering, 
as he does, to the wants of human nature, which changes 
not, the architect is not called upon to exploit new wonders, 
and his mission is fulfilled if he present comfort, con- 
venience, sanitation, and scientific construction in an artistic 
form. At the present time there is sufficient evidence to 
show that this mission is being accomplished, and that 
adaptation is being made of resources rendered available by 
the progress of engineering science. It is beyond the scope 
of this work to discuss the general question of building 
construction, and inquiry will be limited to a consideration 
of the applicability of iron and steel to such work. Iron 
construction, as practised in the United States, has not 
hitherto been introduced into this country, and, as a 
matter of fact, it would not be economically possible 
without modification of existing building regulations. 
Nevertheless, very considerable use is made of both iron 
and steel in all classes of buildings, and it is therefore 
desirable that the architect should be familiar not only with 
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the properties of the materials themselves, but also with 
the practical details of their manufactured forms which are 
suitable for adaptation to particular requirements. In 
dealing with some details of structural iron and steel we 
do not propose to treat, unless incidentally, of either 
applied mechanics or constructional design, because these 
comprehensive subjects are included in the ordinary educa- 
tional curriculum of the architect and the engineer. Our 
intention is rather to present, in a natural sequence, such 
information with regard to iron and steel work as may be 
readily applied in practice by those who have studied, or 
are studying, the art of building, but who possibly are not 
intimately acquainted with the details of constructional 
ironwork. There is every reason why the architect should 
be perfectly familiar with this kind of work. Strictly 
speaking, it comes within his province, for it is his 
function to conceive, in its entirety, the harmonious 
combination constituting the final solution of diverse con- 
structive problems. At the present time, the unpaid 
advice of contracting engineers is too frequently relied 
upon by the architect, who in such cases is paid for the 
work he does not perform, whilst the contractor performs 
work for which he is not supposed to be paid. If his price 
does not cover remuneration for his trouble, he suffers 
injustice ; and if it does, then the architect's client has to 
pay twice, which, as Euclid tersely remarks, " is absurd." 
The assumed position considered from an ethical stand- 
point cannot be regarded as satisfactory to the architect, to 
the client, or to the contractor. As the adoption of iron 
framework in buildings grows more general in this country, 
there will concurrently arise the necessity for increased 
technical knowledge on the part of the designer. In the 
United States, the usual practice is for a civil engineer to 
act in conjunction with the architect in the design and 
superintendence of all important metal-framed buildings. 
Whether a similar condition will ultimately prevail in 
England probably depends very much upon the future 
training of the architect. 

One of the chief problems of modern constructional work 
is that of employing materials to the greatest possible 
advantage. The designer must invariably ascertain to 
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what straining actions the structure will be exposed, what 
is the best disposition of the material, and the least 
quantity necessary to resist the ascertained strains. 
These considerations naturally involve knowledge of the 
properties of materials, of the nature of stresses and 
strains, of data ascertained as the result of experimental 
research with regard to strength, of the joining together of 
individual members forming structures, and of the arrange- 
ment calculated to contribute most adequately to the 
stability of the structure as a whole. Our object is now 
to traverse the ground thus indicated in the hope that 
the inference of practical conclusions may thereby be 
facilitated. 
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PHYSICAL PROPERTIES OF IRON AND STEEL 



Structural Iron and Steel 



CHAPTER I. 
IRON PRODUCTION. 

I. Varieties of Iron Ore. — An important matter 
affecting the suitability of iron for any given purpose is the 
source from which it is derived. It forms no part of our 
present duty to enter upon a detailed discussion of this 
subject, but a brief summary of the chief kinds of iron ore 
may conveniently be made. Iron ores are divisible into 
three main groups — where tlie metal occurs chiefly as 
sulphide, as carbonate, or as oxide. The chief forms of ore 
coming within these groups are described in the following 
summary : — 

§ {a) Sulphides. — Pyrites is never used for the manu- 
facture of iron, owing to the deleterious effects of sulphur ; 
but the residue remaining afler the mineral has been burnt 
in the course of other industrial processes is sometimes 
usefully employed in puddling furnaces. 

§ {b) Carbonates. — Spathose ore is a crystalline and 
comparatively pure form of ferrous carbonate, though 
magnesium, manganese, and calcium carbonates are usually 
present. In the United Kingdom the chief sources of 
supply are in the Weardale and the Exmoor districts ; 
on the Continent, extensive deposits occur in Germany and 
in Spain. Owing to its freedom from phosphorus, this ore 
is largely used in the production of steel. 

Clay ironstone, or argillaceous ore, consists of ferrous 
carbonate, mixed v;ith clay. A variety of clay ironstone, 
containing carbonaceous or bituminous matter, is known as 
Blackband ore. The former type is found in the Cleveland 
beds of Yorkshire, in Shropshire, Derbyshire, and in South 
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Wales ; also in France, Germany, and various districts of 
the United States. The latter type occurs chiefly in the 
coal measures of Staffordshire, Scotland, and Wales, as 
also in Germany and the United States. Clay ironstone is 
the most abundant variety of British iron ore, but it 
contains a somewhat large proportion of phosphorus — 
a metal which is disadvantageous except in minute 
quantities. 

§ (c) Oxides. — Red hematite ores include several 
varieties, such as " kidney '* ore, so called from the shape 
of the nodules in which it is deposited ; specular ore, 
a crystalline form with a bright mirror-like surface ; 
titaniferous ore, or ilmenite, a variety somewhat re- 
sembling specular ore; and micaceous ore, a crystalline 
mineral. Kidney and specular ores are the forms chiefly 
used for iron manufacture, and both of them are freely 
distributed in Great Britain, notably in Cumberland and 
Lancashire. There are also considerable deposits in 
Sweden, Norway, Belgium, Germany, Austria, Brazil, Elba, 
and in the United States. 

Brown hematite varies much in appearance and in 
purity, and includes the following types : limonite and 
bog-iron ore, both of earthy and concretionary nature; 
gdthite, a crystalline substance; and others, which need 
not be specifically mentioned. The principal sources of 
brown hematite for iron production in the United Kingdom 
are Northamptonshire and the adjoining counties; consider- 
able quantities are also imported from Spain. Important 
deposits occur in other countries of Northern Europe and 
in Canada. 

Magnetic iron ores include forms described as frank- 
linite, loadstone, and iron-sand. Comparatively small 
quantities are found in this country, but extensive deposits 
exist in Sweden, Norway, France, Germany, Spain, 
Portugal, in the Ural Mountains, in India, in Africa, and 
in America. Being remarkably free from phosphorus and 
sulphur, magnetic ore is well adapted for the making of 
the finest qualities of iron and steel. 

2. Chemical Constitution of Iron Ores. — In the 

foregoing classification only such characteristics as are 
germane to the purposes of our inquiry are mentioned; 
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more precrse details being obtainable from various treatises 
dealing with the metallurgy of iron. Analyses of iron ores 
show that each kind is of somewhat variable constitution, 
not only in different localities, but also in any individual 
place. A very comprehensive set of tables would therefore 
be necessary for the purpose of showing even the average 
composition of different classes of ore. 

Table I. indicates the comparative values of the principal 
ores found in different parts of the world, and Table II, 
shows the approximate composition of ores used com- 
mercially. 

Table L — Average Percentages of Metallic Iron in Ores 

of various kinds. 



I. Sulphide Class :— 










Iron Pyrites 


Spain 


• • t 




41-92 




Portugal ... 


• • • 


# • • 


44 28 


II. Carbonate Class : — 










Spathose Ores 


Weardale ... 


• • • 




38 -95 




Somerset ... 


• • • 




34 67 




Germany ... 


• • • 




42-59 




France 


• • • 




37*45 




Nova Scotia 


• • • 




42 76 


Clay Ironstone 


Scotch Blackband 




32 00 




Staffordshire 


• • • 




36-14 




Cleveland (Yorkshire) 




31-42 




Dowlais (South Wales] 


... 


34-72 




Abercom Blackband 




3640 




Ohio (U.S. A.) 


•  • 




41 89 


III. Oxide Class :— 










Red Hematite Ores 


Ulverston... 






6366 




Elba 






61 -81 




Lake Superior 






62 92 




Nova Scotia 






43 40 




Missouri ... 






59" 15 


Brown Hematite Ores 


Northamptonshire 




3700 




Sweden ... 






47 32 
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Spain 
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France 






4900 




Kentucky... 
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Nova Scotia 






58 -22 


Magnetic Ores 


Yorkshire... 
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Sweden .. . 






62 60 




Canada ... 
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Wyoming... 






45-49 




New Jersey 






64 -86 




Lake Champlain.». 




69-51 
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Table 11. — Approximate Composition of Iron Ores used in 

Manufacture. 





Cakbonate 
Class. 

A 


Oxide Class. 


Constituents. 
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§ {a) Foreign Ingredients. — Without entering further upon 
the question of chemical constitution, it may be remarked 
that foreign substances are invariably found in iron ores, 
in addition to the compounds of the metal, which furnish 
a convenient means of grouping the different varieties of 
mineral. Clay, sand, and the carbonates of calcium and 
magnesium are substances very generally occurring in 
iron ores. Others, existing in small quantities, are 
ccmpounds of carbon, manganese, arsenic, titanium, sulphur 
and phosphorus. Most of these are injurious, only carbon 
and manganese being of advantage, the former aiding 
reduction of the ore and the latter imparting strength to 
manufactured steel. Further notes on this subject will he 
found in Art. 11, § «. 

3. Extraction of Iron from Ores.— Modern methods 

for the extraction of iron from its ores may be said to come 
under one of two heads : (i) where cast iron is produced 
by smeking ; and (2) where malleable iron or steel is 
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obtained directly from the ore. Preliminary preparation of 
the ore for smelting is always desirable, in order that the 
maximum surface of the mineral may be exposed to the 
action of the furnace gases, and that volatile constituents 
may be eliminated. The ore is first crushed in a stone- 
breaker or mill into fragments about 2 in. in diameter; 
it is then mixed with suitable fuel and roasted in kilns, or 
in heaps exposed to the open air. In this way fragments 
of impure ferric oxide are obtained. Blackband contains 
its own fuel, and if properly stacked merely requires 
lighting with a small quantity of coal. The process 
of roasting is essential in the case of most ores, and 
even when the raw material consists of oxide, roasting 
has the effect of simplifying the subsequent operation of 
smelting. 

4. Roasting* Kilns. — Roasting kilns vary considerably 
both as to design and dimensions. In a general way they 
may be likened to limekilns, and heat is furnished by 
solid fuel, by producer-gas, or by waste gas from a blast 
furnace. In the construction of a roasting kiln it is always 
desirable that sharp angles in the interior should be avoided, 
because combustion is always less rapid in the angles than 
in the centre, therefore if heat were regulated so as to 
produce its proper effect in the middle of the kiln, calcina- 
tion would not take place in the corners. 

§ (a) Ordinary Roastittg Kiln, — Figs, i and 2 are given 
as illustrations of two satisfactory forms of roasting kilns, 
and incidentally these exemplify the application of cast 
iron in structural work. In each figure the kiln is built 
of masonry with a fire-brick lining, and the floor is 
made of cast-iron plates 2 in. in thickness. The average 
dimensions of such furnaces may be taken as 20 ft. long 
by 9 ft. wide at the top by 18 ft. high ; a cast-iron frame is 
provided on the upper edge, so that the brickwork may be 
protected from injury during the operation of charging. 
This frame is about 1 2 in. wide, with a flange 6 in. high, 
and it may project either above or below the upper course 
of brickwork. The front of the kiln is built with two 
arches having openings communicating at the floor level 
with the interior. Through these, calcined ore can be 
drawn prior to being loaded iuto barrows for removal to 
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the blast furnace, and above the openings four or more 
holes 6 to 8 in. square are provided, with suitable arrange- 
ments for the regulation of draught. 

§ {b) The Gjers Roasting Kiln. — Another type of roasting 
kiln is that first used at Middlesbrough, and erected from 
the designs of Mr. Gjers. One of these kilns is shown in 
fig* 3> in elevation and section. The Gjers kiln is circular 
in form, being built of fire-brick, with a shell of wrought 
iron resting on an annular cast-iron entablature, supported 




Fig' 3- 

by cast-iron pillars, between which space is afforded for 
the raking out of calcined ore and for the admission of 
air. Beneath the pillars is a foundation of brickwork 
having additional air passages communicating with the 
double cast-iron cone in the centre. Air is also admitted 
through orifices shown in the lower portion of the 
kiln. The central cone has the effect of spreading the 
calcined ore in the direction of the spaces between the 
pillars, and it also helps to break up any partly-fused lumps 
which descend from the upper part of the kiln. Some- 

B, 
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times the annular space between the two sections of the 
cone serves the purpose of admitting waste gas from the 
blast furnace, and in any case it is available for the supply 
of air in aid of combustion. As a general rule the maximum 
internal diameter of the furnace is 20 ft., the height 
24 ft., the capacity more than 5,000 cubic feet, and the cone 
is about 8 ft. diameter by 8 ft. high. In some works the 
kilns are connected together in groups of four by galleries 
of cast iron with wrought-iron brackets, and in others they 
are arranged in a continuous line, above them being a 
tramway, by the aid of which waggons may be caused to 
discharge their contents directly into the kilns. Besides 
the forms of kiln mentioned above there are many others, 
but these need not be described in detail, as no variation of 
general principle is involved. 

5. Smelting. — Next in order comes the process of 
smelting, performed in a blast furnace, where the following 
changes take place. The fuel used for the purpose of 
reduction combines with oxygen of the air supplied, forming 
first carbon dioxide (CO2), and then by the absorption of more 
carbon, carbon monoxide (CO). This, coming in contact 
with the heated iron oxide, is again converted into carbon 
dioxide, leaving the iron in a metallic state. With 
the object of aiding the separation of earthy impurities 
contained in the ore, and of promoting their fusion, 
various classes of ore are frequently mixed together, so 
that suitable relations may exist between compounds of 
silicium, calcium, and aluminium contained therein. More 
generally, however, limestone, ferruginous clay, or poor 
ores containing aluminous compounds are added to serve 
the purpose of a flux. Limestone (CaCOj), when subjected 
to heat, parts with CO2, leaving as the residue calcium 
oxide or quicklime (CaO). This, combining with silicious 
compounds and other impurities in the molten iron, forms 
a double silicate of calcium and aluminium — really a crude 
type of glass — which, owing to its smaller specific gravity, 
rises to the surface, and when cold constitutes what is 
known as iron -slag. The melted metal collects on the 
furnace hearth, whilst the fused slag floats on its surface. 
Slag is drawn off* from openings in the upper part of the 
hearth, and the metal is run from below into channels 
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formed in sand, each channel of iron being termed ** a pig," 
and hence originates the expression " pig-iron." 

6. Blast Furnaces. — Considerable differences are ex- 
hibited with regard to the constructional details of blast 
furnaces, but so far as British practice is concerned, it 
seems to be generally agreed that the most suitable height 
is from 60 ft. to 80 ft., and that the configuration of the 
inner surface should exhibit easy flowing curves from top 
to bottom. Furnaces have been built as high as 103 ft., 
but it does not appear that any advantage is gained by the 
adoption of a greater height than 80 ft., which is that 
generally used in the Cleveland district In Lancashire 
and Cumberland, blast furnaces are usually from 60 ft. to 
70 fl. high; in the United States, they vary from 40 ft. to 
70 fl. high, according to the description of ore to be oper- 
ated upon ; and the latter dimensions also apply to most of 
the furnaces on the Continent. Without considering in 
detail the mechanical and other auxiliaries of a blast 
furnace, we may with advantage examine its essential 
points. 

§ (a) Ordinary Blast Furnace. — Taking, first, the furnace 
shown in section by fig. 4, and which may be regarded 
as fairly typical of the ordinary blast furnace, we find the 
foundation up to the ground line to be of brickwork (B) 
resting on clay. A circular case of fire-brick (A) (A) is 
formed round the hearth-bottom (D), and on this casing 
is a stone curb (C) supporting the cast-iron columns, 
which bear the greater part of the structure. The columns 
are twelve in number, about 18 fl. high by 2 ft. 4 in. 
diameter, and of 2 -in. metal. Fire-brick is the material 
used in the construction of the furnace shell, which is 
cased externally with wrought-iron plates varying from 
f in. to ^ in. thick, and internally with fire-lumps 5 in. 
thick. These are carefully dressed both on the beds and 
joints for a short distance above the hearth or crucible (G), 
which occupies the neck of the funnel-shaped portion of 
the furnace (P), known as the '* boshes." The hearth- 
bottom is made of fire-brick or other infusible material, 
laid in such a manner as to counteract the tendency of the 
molten metal and slag, first to undermine, and then to 
exert upward pressure on the bottom. All fire-brick used 
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sible, free from 
iron, so as lo 
avoid the fluxing 
action of slag. At 
the bottom of the 
hearth a tapping- 
hole (F) is left 
in the brickwork, 
through which 
metal may be 
drawn off as re- 
quired, by the 
removal of astop- 
ping of clay and 
sand. Near the 
top of the hearth 
is 3 channel, 
known as the 
cinder-notch (E), 
through which 
slag may flow out 
from the surface 
of the liquid iron. 
In the upper part 
ofthehearth,four 
tuyere-holes are 
built in the wall 
of the furnace, 
and the jets or 
tuyferes (H) (H) 
for the supply of 
air pass into the 
holes, their noz- 
zles being gene- 
rally protected 
from the heat by 
a water - jacket 
continuously fed 
. . .. with cold water. 
■)\"iVv,t^^.!5 Each tuyere 
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is joined by a branch connexion or ** goose-neck" (J) 
with the blast pipe (K), which is carried partly or entirely 
round the furnace, and >yhich receives its supply of air, 
either cold or hot as the case may be, from a blowing 
engine. The top, or throat, of the furnace is closed by a bell 
(L) and hopper (M) of cast iron, by means of which materials 
are introduced from time to time, without interfering with 
the egress of gases from the opening (N) at the side of the 
furnace. Into this opening is fitted the end of a riveted 
iron pipe (O) which serves to convey the heated gases to 
boiler fires, to superheaters, or to calcining furnaces. 
Thus the products of combustion can be utilised for steam 
raising, for the provision of a hot-air supply to the blast 
furnace, or for roasting ore, as may be preferred. The top 
of the furnace is finished with a platform or gallery, 
supported by brackets ; and the main blast-pipe is upheld 
by braces attached to the cast-iron columns. In con- 
structing a blast furnace, the upper portion is built on the 
columns before the hearth and its enveloping brickwork are 
added. This mode of procedure permits any settle- 
ment of the main structure to take place before the hearth- 
work is built. It may, therefore, be seen that the bulk 
of the weight is borne, as before stated, by the cast- 
iron columns, and that no unnecessary strain is caused 
to the brickwork on which depends the successful 
consummation of smelting operations and the safety of 
workmen engaged therein. Before leaving the furnace 
illustrated in fig. 4 it may be interesting to give the chief 
dimensions, which are as follows : — Height from hearth- 
bottom to platform, 85 ft. ; internal diameter of hearth, 
8 ft. ; internal diameter at widest part, 28 ft. ; diameter 
of bell opening, 13 ft. The cubical capacity is about 
30,000 cubic ft., and the pig- beds will hold 1,200 moulds. 

§ {b) The Ferrie Blast Furftace. — A modified form of appa- 
ratus is known as the Ferrie self-coking blast furnace, in 
which raw coal is used in place of coke as ordinarily 
employed. Fig. 5 is a vertical section of this furnace 
which, so far as the lower portion is concerned, exhibits no 
special features, but in the upper part four chambers, or 
retorts, are formed by radial and circumferential walls 
resting on arches. Part of the products of combustion are 
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suitably collected at the top of the furnace and led down 
the outermost internal flues shown in the figure to the 
level of the coke retort bottom. Here they mingle, in 
predetermined proportions, with atmospheric air, and, being 
ignited, the mixture passes upwards through and around 
the inner series of flues. The heat thus communicated, 
together with that ascending from the lower part of the 
furnace, effectually cokes the coal during its passage down 
the retorts. By the use of the Ferrie furnace the tem- 
perature of the ore and flux is raised with a minimum 
expenditure of fuel, and the iron produced is of superior 
quality. All the auxiliary arrangements in connexion with 
the furnace resemble those ordinarily used. 

7. Cold- and Hot-blast Processes,— With regard to 

the relative values of ** cold-blast " and "hot-blast" iron, 
it may be well to make a few remarks. At one time there 
was a widespread belief that iron produced by the cold- 
blast process possessed a marked superiority over hot-blast 
iron, but no satisfactory evidence has ever been forth- 
coming for the substantiation of such a creed. Many 
ironmasters formerly considered that the colder the blast 
the better was the quality of the iron, and the greater was 
the quantity produced per furnace. The only foundation 
for this opinion was the observation that furnaces gave 
better results in winter than in summer, and consequently 
a fictitious importance was given to the lower air 
temperature prevalent in the former season. As a matter 
of fact, subsequent investigation demonstrated satisfactorily 
that hygrometric, and not thermometric, differences were 
the governing factors. The economic advantages of the 
hot-blast process are now thoroughly appreciated by 
English and Scotch manufacturers, and in a less degree by 
Welsh smelters, because ores produced in Wales are so 
readily reducible, that the saving possible by the aid of the 
newer method is comparative^ small. 

§ (a) Relative Efficiency of Hot and Cold Blast, — As regards 
the question of efficiency, Sir William Fairbairn stated some 
years ago that the quality of iron had been greatly improved 
since the introduction of the hot blast. This he attributed 
to the higher temperature attained, which in his opinion 
tended to volatilise pliosphorus, sulphur, and other injurious 
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ingredients which at a lower temperature would combine 
with the iron. In the course of his investigations. Sir 
William discovered very little difference between hot and 
cold-blast iron. It is, of course, quite possible that cold-blast 
iron of a particular make may be better than samples 
made elsewhere, but the difference will be due to natural 
superiority of the ore, and not to the method of smelting. 

8. Products resulting from Smelting. — The 

chemical changes taking place in a blast furnace were 
briefly described in Article 5, and it will now only be 
necessary for us to consider the nature of the main and by- 
products resulting from the operation of smelting. Blast- 
furnace slag collecting above the iron is run off through the 
cinder-notch into waggons, and is practically a waste 
product, though comparatively small quantities are 
utilised for paving, for cement manufacture, and for 
the production of slag-wool. This substance, which is 
largely used for lagging steam boilers and pipes, is similar 
in appearance and constitution to glass-wool, and is pre- 
pared by subjecting a stream of molten slag to the action 
of a jet of air under pressure. 

§ (a) Ordinary Pig-iron. — Crude iron drawn from the 
furnace is of variable quality. In the pig-moulds a part of 
the carbon taken up by the metal separates and rises to 
the surface in the form of graphite, known to furnacemen 
as " kish," Grey or graphitic iron is that from which the 
bulk of the carbon has separated during cooling from the 
state of solution in which it was held when hot. Mottled 
iron results when partial separation has taken place ; and 
white or carb\iretted iron is produced when iron and carbon 
are in a state of chemical combination. Grey iron is 
produced by furnaces where silicious ores are treated with 
a maximum of fuel at a high temperature, whilst white iron 
results from ores containing little silicon and smelted with 
a minimum of fuel. 

§ (P) Special Pig-iron, — By intentional variations in work- 
ing the furnace the character of iron yielded may be con- 
siderably modified; by the smelting of silicious ores 
pig-iron may be made containing a large proportion of 
silicon ; by the reduction of manganiferous ores pig-iron 
can be produced containing a high percentage of carbon, 



i8 



STRUCTURAL IkON AND STEEL. 



and from ten to eighty-five per cent, of manganese ; chrome 
iron ore yields a compound containing from sixty to seventy 
per cent, of chromium; and phosphoric pig-iron, with from 
five to seven per cent, of phosphorus, is made by the 
smelting of ores rich in phosphorus, or by adding slag 
containing basic compounds to an ordinary charge. 

§ {c) Uses of Different Pig-irons in Manufacture, — ^The 
above-mentioned variations of pig-iron are classified for 
reference in Table III., where some indication is given of 
the purposes for which they are employed in iron and steel 
works. 

Table III, — Ordinary and Special Varieties of Pig-iron, 



Style. 


Proportion of Characterbing 


Chief Use 


Element. 


in Manufaaure. 


Grey iron 


Graphitic carbon 3*30 


Foundry purposes and 




per cent. 


steel-making. 


White iron 


Combined carbon 3*20 


Malleable or wrought 




per cent. 


iron production. 


Ferro-silicon 


Silicon 10 per cent. ... 


Conversion of white into 
grey iron and pre- 
venting combination 
of carbon in cast iron. 


Spiegeleisen 


Manganese 10 per cent. 


Sj^ecial castings and steel 
making. 


Ferro-manganese 


Manganese up to 85 per 


Special castings and steel 




cent. 


making. 


Ferro-chromium . . . 


Chromium 60 to 70 per 
cent. 


Steel making. 


Phosphoric iron... 


Phosphorus 5 or 7 per 
cent. 


)> M 



So far we have traced the methods adopted for the 
extraction of iron from the ore, and the resultant pig-iron 
is found to be a mixture or an alloy of varying composition 
from which other compounds, known as cast iron, malleable 
or wrought iron, and steel, are subsequently made. 
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CHAPTER II. 
THE MANUFACTURE OF CAST IRON. 

9. Foundry Practice. — It is frequently said that the 
manufacture of cast iron is completed when the metal 
leaves the smelting works in the form of pig-iron. In one 
sense this statement is perfectly correct, for the primary 
object of subsequent operations carried on in the foundry 
is to melt and mould the metal into such shapes as may 
render it suitable for practical application. Nevertheless, 
it is the fact that chemical changes actually take place in 
the metal as the direct result of foundry work. We, there- 
fore, propose to dwell briefly upon the operations coming 
within the province of foundry practice. Then we shall 
see in what respects manufactured cast iron differs from 
the raw material as delivered by the smelter, and a con- 
venient opportunity will be afforded for the consideration 
of matters with which the student ought to be familiar, 
because they have an important bearing upon constructive 
work. Foundry practice includes metal mixing, furnace 
work, pattern-making, moulding, casting, and other minor 
matters. 

10. Metal Mixing. — Unless under exceptional circum- 
stances, ironfounders never make castings from simply one 
kind of iron, not merely because judicious blending tends 
to facilitate their work, but for the additional and more 
important reason that a mixture of several brands of iron 
is invariably stronger than the average collective strength, 
each taken separately. The exact proportions of a mixture 
vary according to the form of the castings required, to the 
work for which they are intended, and to the stresses they 
may have to withstand. The art of the founder is one 
involving an intimate knowledge of cast iron in its different 
varieties, and of the ascertained results yielded by their 
admixture. It is very unlikely that any architect will be 
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found to possess the qualifications necessary to enable him 
to prescribe what should be the exact constitution of the 
metal in the castings which he may require, and he will, 
therefore, do well to limit his demands to the expression 
of tests and of general conditions which are to be observed. 
At the same time it is desirable that the principles of 
foundry work should be duly appreciated. We have 
seen (Art. 8, §a) that pig-iron is roughly classified by the 
descriptive terms grey, mottled, and white, but, as a matter 
of fact, there is no boundary line separating the three 
varieties. It is true that between typical grey and white 
irons an important difference exists, for the former contains 
carbon in a state of mechanical mixture, and the latter 
exhibits the same substance chemically combined. Grey 
iron, however, may be said to merge gradually into white 
iron, and the metal at the intermediate stage is that known 
as mottled iron. Thus we see that the distinctions in 
question are purely empirical, and of no real value to the iron- 
founder. Consequently, eight grades have been established 
for commercial purposes, each being recognised by a numeral. 
Numbers i to 4 are applied to grey iron, No. 5 to mottled 
iron, and Nos. 6 to 8 to white iron. Pig-iron is further 
designated by, and its value estimated according to, the 
district from which the ore is derived, and, as mentioned 
in Art. 8, §^, there are special varieties of pig-iron, each 
named in accordance with its characterising element. 

§ {a) Metal for Various Purposes, — No. i iron is readily 
fused, and being very fluid in this state it is suitable for 
fine ornamental castings, but is deficient in hardness 
and strength ; No. 2, being stronger and harder than 
No. I, is well adapted for heavier ornamental castings; 
No. 3 is tough and strong, producing castings capable of 
resisting heavy weights and sudden strains ; No. 4, known 
as " foundry pig," is very hard and tenacious, and is most 
useful for making heavy castings which require little work- 
shop preparation before use. The higher numbers are 
used almost entirely for the manufacture of malleable iron 
and steel. Combinations of Nos. i, 3, and 4 are considered 
to be very suitable for structural purposes, giving castings 
which are both clean and strong. So far as geographical 
distinctions are concerned, Scotch iron is generally and 
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deservedly popular for the production of castings for archi- 
tectural work ; Cleveland and Lincolnshire iron are suitable 
for large castings, but they are much used for mixing 
purposes, as also is Cumberland hematite. Welsh iron is 
of exceedingly good quality, and is frequently employed to 
increase the strength of other brands. Wrought iron and 
steel scrap are added with advantage to iron mixtures in 
proportions depending upon the intended application of the 
castings. 

II. Furnace Work. — Having settled the ingredients 
to be used, the next process for the founder is to melt the 
metal. For this operation a furnace is used somewhat 
resembling a blast furnace (Fig. 4), and known as a cupola. 
This is built in cylindrical form, having an external shell of 
cast or wrought iron, lined with fire-clay or fire-brick. As 
the cupola is not worked continuously, after the manner of a 
blast furnace, the lining need not be particularly thick. In 
the case of a furnace working from three to four hours 
daily, a thickness of 9 in. is ample ; if the time of work 
extends throughout the day, the thickness may be increased 
up to 12 in. Air is introduced into the furnace by means 
of tuyeres, and the blast is well distributed, for the double 
purpose of reducing pressure and of securing a large surface 
contact between the air £^nd the fuel. 

§ (a) Effect of Foreign Ingredients.— To the iron and fuel 
used in the cupola, limestone is usually added with the 
object of separating any earthy matters which are present. 
These combine with the limestone to form slag, which 
floats on the surface of the fused metal. Ferro-silicon is 
sometimes introduced with ordinary pig-iron into the 
furnace, in order to keep the iron grey by hindering 
the chemical combination of iron and carbon, but the 
proportion of silicon in the resulting metal should not 
exceed 2*5 per cent. The effects produced by various 
proportions of carbon in combination with cast iron are 
as follows : — 

Maximum softness . . . . . . 0*15 per cent. 

fAneilo eff^n erf Vi 

yy 



tensile strength . . 


0-47 „ 


>> 


general „ 


.. 0*50 p 
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transverse „ 
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crushing^ „ over . . 
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Manganese should not exceed i per cent., or the iron will 
become white, and weak except as regards crushing 
strength. Phosphorus in small quantities induces fluidity, 
and although this condition is desirable for thin castings, 
the metal has the disadvantage of being brittle. 

§ {b) Effect of Repeated Meltings. — Re-melting cast iron is 
beneficial, but repetitions of the process more than about 
ten times cause diminution of tensile and transverse 
strength, though crushing strength and hardness are 
augmented. These changes are indicative of altered con- 
stitution, carbon being combined, and silicon eliminated. 
Thus, as the repetition of re-melting takes place, the iron 
so treated gradually assumes the condition in which it is 
known as white iron. Bearing these things in mind, we 
find that furnace practice in the foundry has an important 
influence upon the character of iron, although some writers 
say that none is intended. 

12. Pattern-making.— For the successful practice of 
pattern-making, a fair knowledge of practical plane and 
solid geometry is required. It is also neclsssary that the 
pattern-maker should be acquainted with the nature of 
woods or other materials used, with the characteristics of 
the metal to be cast, and with the details of operations 
performed in the foundry. Those who are wise in their 
generation will, as far as possible, use castings from stock 
patterns, such as are available in great variety for many 
classes of work. 

§ (a) Importance of Correct Design, — Patterns cannot be 
satisfactory unless the draughtsman has a sufficient practical 
knowledge of the operations conducted in the foundry. 
Important castings are occasionally known to fail entirely, 
because of weakness due to imperfect design, and others, 
again, are often observed whose excessive bulk does 
not necessarily present Siny advantages except to the 
ironfounder. Defects of this nature indicate that the 
designer has attempted work beyond his powers. If the 
architect has not studied the details of pattern-making, he 
will do well to employ some master of the craft, and confine 
his own efforts to giving general directions. Of course, 
occasions constantly aiise where it is absolutely necessary 
that the architect should furnish designs for castines, 
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especially in connexion with ornamental work ; but in such 
cases it is advisable that the pattern-maker should be 
allowed as much latitude as may be possible, so that 
sentimental and practical art may be equally exemplified. 
A competent pattern-maker may always be trusted to make 
due allowance when required for shrinkage of the iron 
during cooling ; he will also see that patterns are ** drafted/* 
so as to permit of their ready withdrawal from the mould ; 
but it is not always within his power to avoid the expense 
which a comparatively insignificant alteration of the design 
might render possible, nor is he invariably at liberty to 
modify features whose only effect may be the production of 
weakness, as the result of unequal molecular strain. It 
would be difficult to overstate the importance of designing 
castings so that their lines may be in general harmony with 
the natural laws of crystallisation brought into operation 
during the cooling of the metal. 

§ {b) Allowance for Shrinkage. — The contraction rule used 
by pattern-makers is about one-eighth of an inch per foot 
longer than the standard measurement, and although 
this rule may be relied upon in ordinary cases, it is 
frequently necessary that the pattern-maker should think 
for himself If a wood pattern has to be made for a 
casting intended for an iron pattern, there must of course be 
an additional allowance for shrinkage. Under ordinary 
conditions, and where the metal is approximately i inch 
thick, iron castings will shrink about -^^ inch, and steel 
castings about J inch per foot. Under similar conditions 
the shrinkage of castings thicker or thinner than i inch 
will be inversely proportional to thickness. It should 
always be remembered that the quality of the metal, and 
the nature of the methods adopted in moulding and in 
cooling the castings may exercise a considerable influence 
upon the actual amount of shrinkage (Art. 34). 

§ (c) Laws of Crystallisation, — Without intending to enter 
fully upon this question we think it very desirable that 
attention should be directed to the following interesting 
points. Cast iron is a body which, in the act of cooling, 
follows the laws of crystallisation, more or less exactly 
according to attendant circumstances, and it is found that 
the planes of crystallisation as^me a direction identical 

c 2 
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with that along which heat has passed outward from the 
cooling metal. In a cylindrical bar the crystals radiate from 
the centre ; in a square bar they are perpendicular to the 
sides ; consequently a kind of mitre-joint exists at each 
corner forming a line of weakness, and a similar effect 
occurs in a flat plate having square corners. From these 
facts the reader will at once draw the inferences, (i) that 
the forms best calculated to promote strength are those most 
nearly related to the circle, or, better still, to the sphere ; 
(2) that all sharp angles should be avoided, in order that 
the metal may be in curves of easy gradation ; and (3) 
that uniformity of thickness should be preserved as far as 
possible. As we shall afterwards show, the ironfounder 
sometimes has it within his power to assist the designer 
with regard to the direction in which crystallisation takes 
place (Art. 14, § b), 

13. Moulding. — As practised in the iron foundry 
moulding includes the formation of matrices into which the 
molten metal is poured. The moulds can be used only 
once, as they are broken up for the removal of the casting 
after cooling. Iron is generally moulded either in sand or 
in loam. When the former material is employed, a pattern 
is required ; when the latter is used, a pattern is usually 
dispensed with, the mould being built up and shaped in 
accordance with templets by hand-tools and mechanical 
appliances. Green-sand moulding is the method adopted 
in the case of all ordinary castings, and the term implies 
the fact that the sand is used in its natural condition, and 
that the mould is not dried or baked before use. Dry-sand 
moulding is practised when heavy castings of exceptional 
solidity are to be produced. The sand is then specially 
prepared, and the finished mould is dried or baked in a 
stove. Loam-moulding is specially suitable for the pro- 
duction of such castings as columns, cylinders, pipes, &c., 
for which patterns may be either costly or unnecessary, or 
both. Finished moulds can generally be removed to the 
stove for drying ; but when this course proves to be im- 
practicable, they are dried by the aid of fires made beneath 
them in the moulding shop. 

The work of the moulder may be much facilitated by the 
careful pattern-maker, who makes all parts of the model 



THE 



OF CAST IRON. 



smooth, so that the moulds may be perfect. His patterns 
are made so that certain parts requiring exceptionally good 
metal shall be cast in a position where the greatest 
pressure exists during pouring, and that impurities shall 
therefore rise to less important parts. He marks on the 
pattern the special treatment required for different parts ; 
thus the moulder may know where extra care is necessary 




Fig. 6. — Elevation o/ Moulding Boxes. 
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Fig. 6a. — Plan uf Moulding Bares. 

in the preparation of the mould, and where his gate or 
gates may be most suitably placed. 

§ (a) Moulding Boxes, or " Flasks." — In the ordinary way, 
moulding is accomplished by the aid of rectangular frames, 
fitting together in pairs or in stacks of three or more, and 
provided with dowel pins so that they may be separated 
and re-united in their previously relative positions. 
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These frames are termed moulding-boxes, or "flasks," 
being made of cast iron with lugs by means of which they 
may be readily lifted. Small boxes are entirely open both 
at top and bottom; but in the case of large boxes, cross 
bars are formed in such a manner as to aid. the retention 
of sand. Figs. 6 and 6a illustrate a pair of moulding-boxes 
where (A) is the top flask or " cope," (B) is the bottom 
flask or " drag," (CC) are dowel pins, (DD) hooks and eyes 
for holding the flasks together, (EE) are lugs, (FF) are 
cross-bars on the cope, and (GG) are cross-bars on the 
drag. 

§ {b) Method of Moulding in Flasks. — With properly made 
patterns of good design, moulding is of course easy and 
reasonably inexpensive. When an object of fairly sym- 
metrical shape has to be moulded, a cope is laid bottom 
part uppermost and filled with sand, which is rammed 
tightly and struck off* level. A portion of the sand is 
then scooped out so that the pattern may be embedded, 
approximately, as far as the centre line ; some sand, free 
from clay and described in the shop as " parting-sand," is 
sprinkled over the surface for preventing adhesion between 
the two halves of the mould, and the drag is laid in place. 
" Facing-sand " is then sifted over the projecting portion of 
the pattern until it is completely covered, and the box is 
filled from the top with old sand, which is well rammed in 
and struck off* level. Provision is made for the escape of 
gas through vents pierced in the sand by a piece of steel 
wire. The two flasks are inverted upon a level surface, 
and the cope, in which the pattern was first embedded, is 
taken off* and emptied. A parting-line is then established 
by the addition or removal of damp facing-sand. This line 
may be either straight or otherwise, according to circum- 
stances, but it must always be formed so that the embedded 
and exposed portions of the pattern slope away from it 
towards its vertical axis. From the parting-line the sand 
extends as a plane or sloping surface to the edge of the 
flask ; over this surface parting-sand is sprinkled, the cope 
is replaced, and after a "runner-stick" has been placed in 
a suitable position, facing-sand is introduced and the box is 
filled and rammed as before described. Vents are then 
made, ^nd the removal of the runner-stick leaves an opening 
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known as the "gate," through which metal is poured into 
the mould after the pattern has been removed. 

§ (c) Cores. — When hollow castings are required it becomes 
necessary to use cores, and if these are properly supported 
in position, the castings should be of the anticipated thick- 
ness at all parts. Unfortunately, like other things animate 
and inanimate, cores do not always behave exactly as may 
be expected of them, and are liable to become misplaced. 
This eventuality is one for which the architect or engineer 
must be prepared, and as the chief weight of a building 
often rests upon cast-iron columns, it is very important that 
such members should be subjected to careful examination 
before use (Arts. 66 and 79, § a). 

14. Casting. — The work of the founder depends largely 
upon both the pattern-maker and the moulder. Considered 
separately, the intrinsic strength of the metal depends upon 
the suitable combination of various qualities of iron, and 
upon the work done in the cupola. The strength of the 
casting is governed chiefly by intrinsic strength, partly 
by the suitability of the pouring, feeding, and other gates, 
and partly also by the judgment and skill evinced by the 
founder with regard to pouring and cooling. From 
a purely constructive point of view, the strength of the 
casting depends, of course, entirely upon the designer, 
although it is quite possible for the intention of a good 
design to be frustrated by indifferent metal and work- 
manship ; or, on the other hand, for a bad design to 
triumph over the best material and the most careful 
manipulation. 

§ (a) Effect of Temperature when Pouring, — It is the duty 
of the founder to provide metal possessing the requisite 
strength and the quality of flowing readily into all 
parts of the mould; he must also exercise judgment as 
to the proper temperature at which the metal should be 
poured. Pouring at too high a temperature tends to reduce 
the closeness of the grain and the specific gravity of the 
metal, as well as to exaggerate unavoidable lines of weak- 
ness. On the other hand, if poured at too low a temperature 
the metal is apt to be "cold-short," which means that 
continuity of the casting is interrupted by seams or imper- 
fect joints, resulting from rapid congelation in the mould. 
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§ (b) Modification of Weakness due to Crystallisation, — 
The founder should do all that is in his power to 
modify the formation of lines of weakness due to crystallisa- 
tion (see Art. 12, § r) by accelerating the cooling of some 
portions of a casting, and by retarding that of others. This 
procedure is not always possible, but by the exercise of 
discrimination injurious action may often be minimised. 

For the purpose of making this matter clear, sketches are 
given in fig. 7 of four typical castings. In the case of A, 




Fig, 7. 



representing any thick cylinder, the outer portions of the 
metal are naturally the first to cool ; and, owing to the 
subsequent cooling of the inner parts, there will be unequal 
strain, the outer parts being under compression and the 
inner under tension. If, however, arrangements can be 
made for retarding the cooling of the outer layers of metal, 
and simultaneously for accelerating that of the inner layers, 
the cylinder will be considerably strengthened. 

Taking a casting such as B, we find the diagonals tend 
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to shrink less rapidly than the outer rigid frame, and con- 
sequently fracture is likely to occur at the centre. 

A different effect occurs during the cooling of a wheel 
casting, C. If the arms cool first they will act as rigid 
struts resisting contraction of the rim, which may be 
ruptured on the line indicated. On the other hand, if the 
wheel has a thin rim cooling more quickly than the arms, 
the latter may be broken by tension. 

The sketch D shows the line of weakness in a flat 
casting with square corners, resulting from crystallisation 
in directions perpendicular to the surfaces. In such 
a case the founder can do very little in aid of a badly- 
designed casting. 

§ (c) Chilled Caslings, — By the use of special moulds de- 
signed to convey heat very rapidly from the molten metal, 
castings are produced in which the surface is of extreme 
hardness. The outer portions of the castings assume a 
state similar to that existing in white iron, whilst their 
interior parts remain in the form of grey iron. Chilled 
castings made in this way have great resistance to crush- 
ing stress. Although such a process is not intentionally 
applied to castings used in building construction, yet a 
similar effect, though in a very modified degree, is caused 
by the ordinary methods of foundry practice. All cast- 
ings have a skin, which is really a chilled surface, and this 
adds considerably to their strength, besides offering a 
better resistance to oxidising influences. 

§ {d) Malleable Cast Iron. — Another useful and convenient 
modification of cast iron is obtained by heating castings of 
specially mixed metal to a red heat, in contact with powder- 
ed red hematite ore, for a period of four or five days, at the 
expiration of which they are allowed to cool very gradually. 
During the process the quantity of carbon in the cast iron 
is diminished, owing to combination with oxygen contained 
in the hematite, and the result is the formation of a kind of 
steel, or semi-steel, which is to some extent malleable, and 
may be bent or hammered without injury. 

§ {e) Approximate Composition of Cast Iron. — Cast iron is 
of so variable a nature, that its composition can only be 
stated in a very casual manner. For the purpose of 
comparing cast iron with other composite substances, 
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such as malleable iron, steel, and so-called steel, the 
following table may, however, be found of service : — 



Tab!e IV, — Approximate 


Composition of Cast Iron, 


Carbon, combined 

„ uncombined . . 
Silicon 
Sulphur 
Phosphorus . . 
Manganese. . 
Iron 


015 to 1*25 per cent. 
•15 ,, S'o 

•0 M 1*3 jy 

•0 yy 1*5 »> 
900 „ 95-0 „ 
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CHAPTER III. 

THE MANUFACTURE OF WROUGHT 

IRON AND STEEL. 

15. Manufacture of Wrought Iron. — Malleable 

iron, or wrought iron, as it is more generally called, 
exemplifies a nearer approach of the metal to a chemically 
pure condition than is evidenced by any of the substances 
spokeri of as iron or steel. In its more perfect commercial 
forms wrought iron contains not less than 99 per cent, of 
pure iron, and its ductility depends directly upon the 
degree of purity attained. 

Wrought iron is made either by the elimination of 
carbon and various foreign ingredients from pig iron, or by the 
direct reduction of iron ore. All processes of the first class 
involve the selective oxidation of impurities, although varia- 
tions of their details are particularly marked. Up to 1784 
the conversion of cast into wrought iron was performed by 
charcoal finery, of which the best known form was the 
Walloon process. Although superseded long ago by the 
introduction of " puddling," a few isolated examples of 
charcoal hearths survived until a comparatively recent date. 
The characteristics of iron produced by charcoal finery 
were fineness of grain, combined with remarkable strength 
and ductility, but the small quantity of metal treated at one 
time, and the relatively large area of the hearth, made the 
cost of production unnecessarily high. 

l6. Puddling. — " Dry-puddling,*' as formerly practised, 
involved two distinct operations — (a) treatment in the 
refinery hearth, where the percentage of carbon and silicon 
was reduced ; and (b) puddling, by means of which the 
metal, being gradually freed from impurities, " came to 
nature," and was raked together into a pasty mass, termed 
a **ball." Dry-puddling has now been almost entirely 
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superseded by the more modem process, which, in the 
picturesque language of the furnace-man, is described as 
'' pig-boiling," the term being suggested by the effervescence 
of carbon monoxide at a certain stage of the operation. 

§(a) Pig-boiling. — In puddling proper, or pig-boiling, nouse 
is made of the refinery hearth. The crude metal is placed 
directly in pudd ling-forges, which are constructed in varied 
forms, but all of them represent modifications of the original 
appliance invented by Cort in 1 784. Fig. S is a sectional dia 




Fig. 8. 
gram, by the aid of which we may follow the general nature of 

the operations conducted in pig-boiling. l"he bed (A) is of 
cast iron, kept coqI by circulation of air at the under 
surface ; on the top a " fettling " of slag, covered with a 
thin layer of hematite ore, forms a hollowed surface, upon 
which the pig iron is placed by means of the working door (B), 
A fire in the compartment (C) is charged through the stoking 
door (D), and provides gaseous fuel, which passes through 
the converting chamber to the chimney shaft. When the 
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metal is fluid it is stirred or " rabbled " by implements put 
in at the working -door (B), so that the hematite maybe 
incorporated. Slag containing iron oxide is added as a 
flux for the silica resulting from oxidation of silicon in the 
pig iron. Lime is sometimes introduced with a similar 
object, and chloride of sodium is also used for removing 
sulphur and phosphorus. As the iron becomes purer, the 
temperature is raised proportionately with increase of the 
melting-point, and the charge is " rabbled " towards the 
outer parts of the bed. After further raking, the metal is 
rolled into puddle-balls, which are taken from the furnace at a 
welding heat. Mechanical rabbles and revolving cylindrical 
furnaces have been devised to dispense with hand labour, 
but such appliances are not entirely satisfactory. 

17. Production of Mercantile Forms of Iron.— 

When removed from the furnace a puddle-ball is permeated 
with slag, the bulk of which is extracted by *' shingling " 
under a hammer, or in a squeezing-machine. In this way 
a compact " bloom '* of wrought iron is produced, which is 
passed through the roughing-rolls of a rolling-mill, and then 
through the finishing-rolls, whence it emerges as a *' puddle- 
bar," and such bars are cut into lengths by powerful shears. 
Their transformation into various forms of iron used in 
constructional work is effected by placing a number of the 
bars one on top of another to make a "pile,** which is 
reheated in a reverberatory furnace, and afterwards rolled 
into bars, plates, and rails of any desired section by rolls 
with suitably-shaped grooves. 

Much depends upon the manner in which piling is per- 
formed in the rolling-mill. As far as possible the pieces 
should be of uniform thickness, so that the heat may be 
equally diff*used, and that pressure may be transmitted 
through the whole mass of metal. Many diff*erent modes 
of piling are adopted, according to the form of section 
required and to the preference of the manufacturer. 
Sketches of some of these are given in fig. 9. Want of 
care in rolling seriously aflfects the quality of joists ; the 
webs and flanges may be buckled or otherwise damaged by 
unequal working, and the flanges are sometimes defective 
owing to the imperfect filling of spaces between the rolls. 

We have now traced the evolution of puddled wrought 
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iron from pig iron to finished forms of the material, and it 
will be observed that four distinct stages are successively 
reached : — 

1. Production of the "ball," being wrought iron per- 
meated with fused slag. 

2. Squeezing or hammering the " ball" into a *' bloom." 

3. Rolling the "bloom" into "puddle-bars." 

4. Rolling " puddle-bars " into mercantile forms of iron. 






^^S' 9- — Modes of Pilir.g. 

18. Other Modes of Manufacture— Other methods 

are available for the manufacture of wrought iron, which 
can be sufficiently explained by the selection of typical 
examples. 
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§ (a) Bessemer Process, — In the Bessemer process, liquid 
metal from one or more blast furnaces is transferred to a 
suitable vessel or " converter," shown in two positions in 
figs. 10 and 10a, The vessel is formed of steel plates lined 
with refractory material and mounted on trunnions (C). It 
is made red-hot, and the fuel is turned out before the 
charge is run in. The converter is turned down, as in 
fig. loa, so that the fireclay tuyeres (B) will not be filled 
with iron, and the charge (E) is then inserted at the mouth 
(D). When the vessel has been turned up, as in fig. 10, 
air under pressure is blown through the melted iron from 
the tuyeres, which are fed from the tuyere-boxes (A). 
Oxygen in the air combines with the carbon and silicon of 
the pig iron, and incidentally produces heat enough to main- 
tain the metal in a state of fusion until it is reduced to the 
malleable condition, when it is run into "ingots" of 
homogeneous constitution, which are rolled into mercantile 
forms. As originally worked, the Bessemer process was 
only applicable with success to pig irons free from sulphur 
and phosphorus, hence the term *' Bessemer iron" has been 
used to indicate crude metal possessing this qualification. 

§ {b) Blooinery Process, — Wrought iron made directly 
from the ore by one form or another of the "Catalan forge " 
is obtained in blooms, hence establishments where the 
process is practised are called " bloomeries." The method 
is still used in America and elsewhere, and is only suitable 
for ores naturally rich and pure. 

§ (c) Siemens Process. — The Siemens "precipitation" 
process is one by which wrought iron can be made directly 
from the ore at one operation, and its essential features are 
(i) the reduction of ore in a regenerative furnace; and (2) 
the separation of wrought iron from the crude metal whilst 
still in a state of fusion. Purified iron appears in the form 
of a pasty ball, surrounded by fluid slag, and the ball is 
subjected to treatment similar to that followed in the case 
of balls produced by puddling. 

19. Types of Wrought Iron. — Two distinct classes 
of wrought iron are produced by the processes which have 
been mentioned. 

§ {a) Fibrous Wrought Iron. — Methods of purification not 
causing complete fusion yield metal which, after squeezing 
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and rolling, consists of parallel fibres and laminae, more 
or less permeated with slag. Such iron is fibrous and non- 
homogeneous in structure, and the strength of its manu- 
factured forms depends very much upon the extent to 
which the peculiarities of the metal are recognised by the 
ironworker. 

§ (b) Homogemotis Wrought Iron, — Methods of purifica- 
tion involving absolute fusion produce homogeneous ingots 
of uniform quality, into the composition of which slag 
enters to a very limited degree. Metal of this kind is 
sometimes described as ingot iron. 

20. Manufacture of Steel. — Steel is the third and 
last compound of iron for consideration, and the term is 
applied to metals differing so widely one from another in 
strength and other qualities, that some confusion exists as 
to what may really be meant by the word " steel." Until 
recent times steel, made by cementation from wrought iron, 
was a substance having well-defined characteristics, but 
since the development of modern processes a new material 
has made its appearance, which, although called steel, does 
not possess the distinctive property of tempering, and the 
proportion of contained carbon ranges from a percentage 
equal to that in cementation steel down to the percentage 
existing in ordinary wrought iron. It is impossible, in fact, 
to determine where wrought iron ends or where steel begins. 

§ (a) Parallel Series of Irons and Steels.— In Germany it 
is becoming usual to describe iron and steel produced by 
puddling as weld metal, and to distinguish the product of 
processes where fusion takes place as ingot metal. Thus 
two parallel series exist which were first clearly defined by 
M. Greiner, of Seraing. 

These two series are shown in the subjoined table : — 

Table V. — Parallel Series of Irons and Steels. 



Carbon (percentage). 



o*o to 0*15 

0-15 ,,0-45 

o'SS »i'5o 



Iron Series. 



Ordinary iron. 
Granular iron. 
Puddled steel. 
Cemented steel. 



Steel Series. 



Extra soft steel. 
Soft steel. 
Medium steel. 
Hard steel. 
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The above classification is not altogether satisfactory, be- 
cause it seems to mix up irons and steels, and also because 
it does not recognise the property of tempering as a point of 
difference between the two metals. For architectural 
purposes, tempered steel is only incidentally used, and we 
have chiefly to do with " mild steel," a material which has 
practically superseded wrought iron so far as structural 
work is concerned. 

§ (b) Varieties of Steel. — B lister ^ or cemented^ steel is made 
by imbedding bars of wrought iron in charcoal, and heating 
them at high temperature for some days. Carbon is absorbed 
and the surface of each bar is converted into steel, but the 
interior part is not fully transformed. The term " blister " 
as applied to steel is descriptive of the appearance of the 
surface of the metal. 

Sheary or tool^ steel is made by heating piles of blister steel 
bars and rolling them at a welding heat, so that uniformity 
of structure and constitution may be secured. This quality 
is chiefly used in the manufacture of cutting tools. 

Casty or crucibky steel is made by melting blister steel 
with a relatively small quantity of carbon. Other 
grades of cast steel, sometimes called "homogeneous 
metal," are made by melting wrought iron with carbon. 

Puddled steel is made in the puddling forge by arresting 
the process when sufficient carbon has been removed to 
secure the conversion of pig iron into steel, and before the 
metal reaches the condition of wrought iron. The ball of steel 
taken from the furnace is finished as described in Art. 1 7. 

Bessemer steel is made by restoring carbon to Bessemer 
wrought iron(Art., 18 §a)by theaddition of either spiegeleisen 
or ferro-manganese. If the Bessemer converter be lined with 
"ganister," a material composed largely of free silica, and 
therefore capable of acting as an acid at high temperatures, 
only the purest qualities of pig iron may be used. By the 
employment of a basic lining of dolomite, the Bessemer 
process, as modified by Thomas and Gilchrist, is rendered 
suitable for the treatment of phosphoric pig iron. Steel 
produced is run into ingots, which are hammered and rolled 
like blooms of puddled iron (Art. 17). The success of the 
Bessemer process was largely due to Mushet, whose patent 
rights lapsed through neglect in the third year, and whose 
name is now either unknown or nearly forgotten. 
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Siemens and Siemens- Martin steels are produced by 
the open-hearth processes, and the hearth may be acid or 
basic^ as preferred. In the Siemens process, pig iron and 
ore are used, whilst in the Siemens-Martin process a 
mixture of pig and scrap iron is employed. In either 
case Ihe raw material is first reduced to the malleable state, 
and the proportion of carbon is regulated by the addition of 
spiegeleisen. » 

Varieties of special steel are made for engineering require- 
ments, and such kinds include in their composition man- 
ganese, nickel, aluminium, tungsten, chromium, or any 
metal which may be chosen. 

Compressed steel is made by the application of pressure 
to the fluid metal, and the resulting steel is of superior 
density and tenacity, besides being free from blow-holes. 

§ {c) Rolling, — Steel is formed 
into bars, rails, and beams in 
the rolling mill, but at a lower 
temperature than that neces- 
sary for puddled iron. Girders 
are rolled from rectangular 
"billets," but for sections of 
more than 12 in. in depth the 
billets are shaped in the rough- 
ing rolls to the form shown in 
fig. 1 1. 

The operation of rolling 
necessitates from twelve to 
eighteen passes through the 
rolls according to the size of 
the girder. Owing to this prolonged treatment and to the 
comparatively low temperature observed, the stiffness 
and strength of the material are considerably increased 
(Art. 35, § a and b). 

Cold-rolled steel is shaped roughly when hot, and finished 
after cooling. In this way the metal is rendered harder 
and more elastic, but plasticity is diminished (Art. 35, § a). 

21. Unit Forms of Wrought Iron and Steel- 
Wrought iron and steel, which can only be moulded to 
definite shapes on a large scale by powerful machinery, is 
necessarily produced in a variety of unit forms or sections, 
from which the structural engineer can select such as may 
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be most appropriately used either in their existing state or 
after suitable manipulation. Ordinary iron and steel 
plates, sheets and bars are obtainable of any dimensions 
which are likely to be demanded by the architect, and 
there are numerous other sections more particularly 
intended for structural work. Some of the latter are 
illustrated and described in the following table : — 

Table VI.— Standard Sections of Rolled Iron and Steel, 



fi^f firtn J 


md Style. 


Transverse Dimensirns. 


Length. 




Minimum. 


Maximum. 


Ordj'. 


Max. 


© 


R.und bars 


r d"a. 


S" dia. 


24 ft. 


63 ft. 


o 


Square „ 

FUt „ 
Half-rd.bars 
,, hr>llow 
„ solid 


1" sq. 
ii"xr thick. 

2"x;" 


4"5q. 

i8"xi" 
3r>r»h5ck 

srxii" 


24 ft. 
40 ft. 


60 ft. 




foft. 


^S!^ 


Pillar section 


3" radius J" thick 


6" radius J" thick 


— 


60 ff. 


L. 


Equal angle* 


i"x^Y 


B"xh" 


soft. 


60 ft. 


T-r 

OB) 


Unequal „ 
Tees (Iron) 
„ (Steel) 


2"Xli"XxV' 
l"Xl" 

ii"xirxi'' 


7"x4"xr 
6"X3''xr 


soft, 
soft. 
50 ft. 


60 ft. 


1 


Bulb-tees 


4rx6"x,V' 


6rxi2"x^S'' 


— 


— 


11 




Bulb-bars 


6"x-i%" 


12" xU" 
7"Xii-ii" 




— 


L 


Eulb-angles 


3rx2i"x,v' 


9"X3rxi§" 




— 


If 


Hatchway 

sections 


2V'xir 

(over all*. 


6"X2ii" 

(over all). 


— 


— 


1 


Zed-angles 


4"X3"X3''X 
r web. 
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CHAPTER IV. 

EXTERNAL FORCES, STRESSES AND 

STRAINS. 

22. External Forces. — The nature of the forces to 
which iron and steel are commonly subjected, the relations 
existing between external forces and internal molecular 
forces, and the effects produced by the application of 
external forces are matters forming part of that very com- 
prehensive subject, the Strength of Materials, as to which 
much is written, but of which comparatively little is known. 
It is not our intention to enter upon the region of mole- 
cular physics, nor to discuss the strength of materials, 
except to the limited degree which may be requisite for a 
clear and comparative statement of strength of the various 
kinds of iron and steel used in structural work. A load 
is said to be the force, or combination of forces, acting in 
any direction or directions upon any part or the whole 
of a body or structure. 

§ {a) Definitions of Various Loads, — External and Internal 
Loads, — Loads may be described as internal when the 
force exerted arises from the weight of the parts them- 
selves; and as external when they are due to the in- 
fluences of other bodies. Strictly speaking, all loads are 
due to external forces, although they may in some cases be 
first evidenced within the boundaries of a body. Although 
the force of gravity itself is actually an external one, its 
direct manifestation may be inside a given body, and we may 
therefore conveniently say that it occasions an internal load. 
Looking now at another aspect of the case, we find the 
weight of one body acting as a whole and through its 
centre of gravity upon another body below, exerts pressure 
which is entirely external in its nature, and is additional 
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to any action produced by gravity upon internal particles of 
the body itself. Therefore it is appropriate to speak of 
the pressure as constituting an external load. Whilst in- 
ternal load is a quantity directly governed by the specific 
gravity of the material, external load is subject to variation 
from case to case, or to fluctuation in any given case. 

Permanent or Dead Load, — A structure of iron or steel 
frequently has to support its own weight as well as the 
weight of walls, roof, floors, and heavy fixtures. In any 
individual structure, however, such weights are permanent, 
and their sum forms the permanent or dead load. 

Mquing or Live Load, — Pressure — resulting from human 
beings, animals, merchandise, vehicles, and other weighty 
bodies — which is either intermittent or changeable as to 
position, constitutes moving or live load. 

Total load includes weight of every kind which may 
be imposed upon a body or structure. 

Breaking load is coincident with the ultimate or break- 
ing strength of a body, and is the load causing fracture 
in some specified manner. 

Proof load is the greatest load applicable without risk 
of injury to the material, and is equivalent to the proof 
strength of the material. In actual tests a lower standard 
is always adopted, otherwise damage might unintentionally 
be caused. 

Working load is the load occurring in actual practice, 
and coincides with working strength. 

23. Definitions of Stresses and Strains. — It is 

next desirable to look at the nature of the eff*ects pro- 
duced by loads upon solid bodies. At the outset we are 
confronted by some difference of opinion amongst writers 
of standard text-books as to the proper signification of the 
terms stress and strain. Not so many years ago the word 
strain was understood to be expressive of force tending to 
effect some change in the form of a body or to break it 
asunder. A more elaborate system of terminology has 
since been evolved in which strain bears a different sig- 
nification. 

§ (a) Rankine's and Thomson's Theories Compared, — Ran- 
kine first introduced the term stress into mechanics about 
the year 1855, and he gave the following explanation of 
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its meaning and of the relations existing between strain 
and stress: — **The word strain will be used to denote 
the change of volume and figure constituting the devia- 
tion of a molecule of a solid from that condition which 
it preserves when free from the action of external forces ; 
and the word stress will be used to denote the force, or 
combination of forces, which such a molecule exerts in 
tending to recover its free condition, and which, for a 
state of equilibrium, is equal and opposite to the com- 
bination of the external forces applied to it." 

Unfortunately, it happened in the following year that 
Sir William Thomson, now Lord Kelvin, applied the word 
stress as being synonymous with pressure^ and his definition 
is thus enunciated : — " It will be seen that I have applied 
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the word stress to the direct action experienced by a body 
from the matter round it, and not to the elastic reaction 
of the body equal and opposite to that action." With the 
object of making matters perfectly plain, the two rival 
theories are diagrammatically represented in fig. 12, 
where, in the first sketch, W=load or combination of 
external forces, B=the body upon which force is exercised, 
A=direct action produced by W, and R=reaction equal 
and opposite to A ; and in the second sketch, W=load, B=: 
the body on which force is exercised, and A=direct action 
due to W. 

Rankine*s theory is to be preferred as presenting a truer 
picture of the interactive forces involved, but the other is 
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more convenient and equally as serviceable for all prac- 
tical purposes. Some writers adopt one theory, and 
some the other ; but it is generally the case that each class 
speaks of a body as being " subject to stress " when under 
the influence of a load, and of strain as a change of form 
coincident with stress. Therefore the difference is seen to 
be purely theoretical. 

§ (b) Simple and Compound Stresses. — There are three 
forms of simple stress : — 

1. Tensile stress, tending to pull asunder. 

2. Compressive stress, tending to push together or 
crush. 

3. Shearing stress, tending to cut through. 

Besides these, compound stresses are frequently found, 
the most usual of which are : — 

1. Transverse or bending stress, composed of tensile 
and compressive stresses. 

2. Torsional or twisting stress, which, in a short bar, is 
substantially the same as shearing stress ; and, in a long 
bar, is composed of shearing and tensile stresses. 

§ (c) Elastic Strain and Permanent Set, — In the modern 
acceptation of the term, strain signifies change in the form 
of a body; according to Rankine, strain precedes stress, 
but according to Thomson, it is the direct product of stress. 
In either case the practical result is the same, namely, that 
force acting upon a body induces change of form, however 
minute the change may be. When stress is applied to a 
solid body gradually and up to a certain limit, strain 
is approximately proportional to stress intensity ; and this 
relationship, enunciated in 1676 by Robert Hooke, is 
known as Hooke's Law. Strain which disappears on re- 
moval of stress is called elastic strain. On the other hand, 
strain which remains after stress has been removed is 
known as permanent set. 

24. Properties of Iron and Steel under Stress. 

— The mechanical properties exhibited by bodies under 
stress constitute a subject for study which is as interesting 
as it is important. Our present object is merely to define 
and to mention briefly the chief physical attributes of iron 
and steel, with the view of preparing the way for the 
consideration of details given hereafter. 



EXTERNAL FORCES, STRESSES AND STRAINS. 4$ 

§ (a) Elastic Limit — There is some point up to which a 
body is elastic, and beyond which it is more or less plastic. 
This point varies according to the nature of the body, and 
marks the elastic limit^ or, as it is alternatively called, 
the limit of elasticity. Corresponding with the three forms 
of simple stress, there are three elastic limits. So far as 
iron and steel are concerned, the limits for tension and 
compression are generally taken as being of equal value, 
although they are not precisely identical under any circum- 
stances ; and the third, for shear, is about two-fifths of 
either of the others. Some materials when tested by any 
form of stress may give one value in one direction, and a 
different value in another direction. 

§ (d) Isotropy. — A substance which is characterised as 
isotropic is one having the same properties in all directions. 
The processes of iron and steel manufacture are conducted 
at temperatures at which the material is almost perfectly 
plastic, and there are no very great differences in their 
elastic properties in different directions. These materials 
are therefore treated as if they were isotropic^ although the 
condition of isotropy is only approximate, being less nearly 
attained in rolled iron than in rolled steel. 

§ {c) Yield Point, — Substances such as glass are almost 
perfectly elastic up to the breaking point, exhibiting no 
appreciable permanent set; others, like cast iron, have 
little or no elastic limit, taking a small set with com- 
paratively light loads, and the set increases proportion- 
ately with the loads up to the breaking point. Others 
again, as for instance wrought iron and steel, show de- 
formation in a constant ratio per ton per square inch up 
to the elastic limit, but shortly after this is passed, deforma- 
tion is suddenly augmented without increase of the load, 
and the deformation constitutes permanent set. The point 
just above the limit of elasticity at which this change 
takes place is termed the yield point. It will be at once 
evident that this point indicates a limit beyond which stress 
should never be imposed on any part of a structure, 
whether in test or in actual use, notwithstanding the fact 
that actual fracture could only be caused by much greater 
stress. Iron or steel strained beyond the yield point is 
practically ruined, although not necessarily broken. If, 
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therefore, the working stresses be kept well within the 
elastic limit, safety will be assured. 

§ (d) Resilience. — Work done in stretching or compressing 
a body up to the elastic limit is denoted by the term 
resilience. Energy thus absorbed may be restored when 
the body resumes its normal form on the removal of 
stress. 

§ {e) Fatigue, — Metals are subject to the change of con- 
dition, or disorder, known as fatigue^ and, as usually 
applied, this term indicates the effect produced either by 
repeated changes in stress, or by the cumulative effect of 
blows. Experiments extending over many years have been 
made by Fairburn, Hodgkinson, WOhler, Bauschinger, 
Baker, and others as to the effect of repetitions of stress, 
and the results so obtained are remarkably consistent. 
From them it appears that the number of repetitions 
possible before fracture bears a definite relation to the 
range of stress variation, and the number is reduced if 
stress alternates from tension to compression, or vice 
versa. When such changes of stress are caused beyond 
the elastic limit, a bar of wrought iron or steel may be 
broken by a comparatively small number of repetitions, 
but if the stresses be kept well within the elastic limit, 
there may be no appreciable deterioration. So far as 
structures are concerned carrying only dead loads, there 
is no reason to believe that injury of any kind will occur 
with the lapse of time. No doubt there is some limiting 
point below which fatigue will not be experienced, and 
above which it will be produced ; but as no such point has 
hitherto been differentiated, experience and judgment have 
largely to be relied upon for ensuring absolute safety. 
Turning now to the cumulative effect of blows or sudden 
shocks, we find that the energy exerted by a blow is 
frequently greater than the resiliency of the metal ; local 
hardening may consequently occur in some particular part 
of the material, which will gradually lose its power of 
resisting the repetition of such shocks. Impact tests 
have not received the amount of attention which their 
importance deserves, but it may be remarked that in the 
United States a new form of impact testing machine, 
breaking specimens of metal at one blow, has recently 
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been perfected, and some of the results obtained thereby 
seem to indicate that the measurement of shock resistance 
is likely to furnish a new factor in judging the reliability 
of iron and steel. 

§ (/) Modification of Elastic Limit and Yield Point. — By 
adding a load to iron or steel, gradually and between 
intervals of rest, a much greater weight can be borne 
without rupture than if the load were continuously applied. 
After overstraining, the effect of rest is to restore elasticity, 
concurrently with the establishment of a higher elastic limit 
and a higher yield point; but the new conditions only apply 
to the kind of stress produced, and both the elastic limit 
and yield point may be lower for other forms of stress. 
Conversely, the elastic limit may be lowered by loading 
and straining in other directions. Again, hardening caused 
by overstrain of any kind may be removed, and the original 
properties of the metal be restored by annealing. These 
characteristics are not sufficiently considered by some pro- 
fessional men, but it is very desirable that they should 
be studied by every one who desires to be master of his 
profession. In ordinary practice the use of a factor of 
safety is supposed to render impossible the existence of 
stress intensity sufficient to produce any material alteration 
of normal condition. Whether this supposition is always 
justified must depend upon the knowledge and judgment 
exhibited by the person selecting any particular factor. 

25. Measurement of Stresses and Strains.— 

Stress, whether resulting from the application of external 
load, or from an internal molecular condition, is expressed 
in units of weight per unit of sectional area of the body 
exposed to stress. Co-efficients of strength are quantities 
indicating the stress intensity causing the rupture of a 
body, and there are as many co-efficients as there are kinds 
of stress. Moreover, co-efficients of the same order exhibit 
variations in the case of non-isotropic bodies, according to 
the direction in which stress is exerted. 

§ (a) Units of Stress Measurement, — Stress intensity and 
co-efficients of strength are expressed in units of pounds or 
tons avoirdupois per square inch of sectional area. Thus, 
if a tensile stress intensity of 30 tons per square inch 
breaks asunder a bar of steel which, at the commencement 
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of the test, had a sectional area of i square inch, we say 
30 tons per square inch is the co-efficient of strength. It 
should be noticed, however, that as the metal elongates 
under the influence of tensile stress, its sectional area is 
much less when the bar finally gives way, and the stress 
intensity per square inch must consequently be more than 
30 tons. Therefore the co-efficient of strength, being based 
upon the original sectional area, is more or less fictitious 
as to value. There are, however, practical reasons which 
make it desirable that calculations should be based upon 
the original instead of upon the ultimate dimensions. 
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§ {b) Examples of Stress Calculations, 

Example i. Tensile Stress. 

If, as in fig. 13, an iron bolt {aU) of {pc) square inches 
sectional area be suspended from the end («), and a load 
of (W) tons be hung from the end (^), then the bar will be 
under a tensile stress of (W) tons throughout its entire 
length. 

The unit stress will be (W -r oc) tons, and if jr = o*8 
square inch and W = 3 tons, the stress intensity will be 
(3 — 0*8) = 375 tons per square inch. 

Example 2. Compressive Stress. 

If, as in fig. 14, a column of (^) square inches sectional 
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area rest upon a solid foundation, and a weight of (W) tons 
be placed on the top, a compressive stress of (W) tons will 
be established. 

The unit stress at any given transverse section will be 
(W.-r x) tons, and if ^^=30 square inches and W = 3 
tons, the stress intensity will be (3 -f- 30) = o*i ton per 
square inch. 

Example 3. — Shearing Stress. 

If, as in fig. 15, two bars of iron be connected by an iron 
bolt of (x) square inch sectional area, and if equal forces of 
(W) tons act upon the bars in opposite directions, the bolt 
will be subjected to a shearing stress of (W) tons. 

The unit stress will be (W-r-x) tons, and \f x= 0*44 sq. 
inch and W = 3 tons, the stress intensity will be (3-^o•44) 
= 6*8 tons per square inch. 

From the above it may readily be deduced that if the 
co-efficient of strength of any metal for any kind of stress 
be known, it will be easy to calculate the total load 
necessary to cause rupture by direct stress of any given 
bar or piece of material. 

Thus, if F = co-efficient of strength, a = sectional area, 
and W = total load, 

Then 

W = Fxa (i). 

Consequently, we see the necessity for data as to the 
strength of materials, such as those contained in Chapter V. 

§ (c) Units of Strain Measurement, — Strains of the kind 
experienced in structural work are expressed in terms of 
lineal measure, or of percentage. For instance, a unit of 
tensile strain may be indicated in parts of an inch per lineal 
inch of the body under strain, or by the percentage which 
actual elongation bears to the original length of the body 
measured along the axis of the strain. 

Strain within the elastic limit, being approximately 
proportional to stress, can be calculated. Beyond the 
elastic limit, deformation increases to a marked degree, and 
measurement of the change taking place affords a valuable 
index to the suitability of the material for any particular 
purpose. For instance, in a structure subject to shocks 
caused by moving loads, ultimate strength is not the 
only desideratum. There is often advantage to be gained 
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by using materials which, when exposed to heavy loads, 
are capable of considerable strain before being broken, and 
such materials are preferred to those which suddenly break 
when their ultimate strength is reached. Therefore the 
condition frequently occurs in specifications that materials 
shall exhibit certain percentages of elongation and contrac- 
tion, in addition to possessing a given co-efficient of ultimate 
strength (Art. 33, § c; Appendix I.). 

Here, again, the published results of numerous experi- 
ments furnish most valuable data for the guidance of the 
constructional engineer. 

26. Co-efficients of Elasticity and Resilience*— 

A co-efficient or modulus of elasticity is a quantity expres- 
sive of the ratio existing between stress and strain within 
the elastic limit. It has been argued that there are no less 
than twenty-one different co-efficients, but only four of 
these need be mentioned ; only two are usually necessary 
for denoting the elastic properties of iron and steel, and 
very frequently only one is used. The latter co-efficient is 
variously described, as the modulus of direct elasticity ; the 
modulus of longitudinal extensibility ; the stretch modulus ; 
Young's modulus ; sometimes inexactly as the modulus of 
elasticity ; and symbolically as " E." The four co-efficients 
to which we refer are : — 

(E), Young's modulus of direct elasticity ; 

(n) Poisson's ratio, the ratio of sectional contraction to 
elongation ; 

(C), Modulus of rigidity, or shear modulus ; 

(K), Modulus of cubic compressibility. 

These four constants bear such relations one to another, 
that if any two of them be ascertained, the others may be 
found by calculation. 

§ (a) Young's Modulus. — The modulus (E), which is 
universally employed in connexion with structural work, 
may be arrived at by the rule : — 

E = (PxL)-f/ (2). 

Where P -= stress in tons per square inch, L =-.-. length 
of a bar of material in inches, and / = difference of length 
in inches due to P. 

For a bar of the unit length of i inch, the modulus may 
be more simply expressed by the equation : — 

E = P-^/ {2a), 
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No two materials, or samples of the same material, 
necessarily possess exactly the same modulus, and the 
constant (E) is often employed as a standard by which 
materials may be judged. 

Suppose, for instance, that we require the value of " E " 
for some particular kind of steel shall be not less than 
13,000 tons per square inch. A bar of the material, say, 
10 in. long by i sq. in. sectional area, might be taken as a 
test specimen, and if subjected to tensile stress within the 
range of the elastic limit, it would exhibit uniform exten- 
sion per ton per square inch. Assuming the measured 
extension for i ton to be o*ooo8 inch, the co-eflficient of 
elasticity will be found by the aid of rule (2). 

Thus : 

E = (i X 10) -r 0*0008 = 12,500 tons per sq. in. 

Consequently, the material does not comply with the 
assumed requirement. 

The elasticity of structural iron and steel is an im- 
portant index of quality, and as we shall afterwards see, 
Young*s modulus E is an essential factor in various 
problems relative to the strength of girders and other 
members. 

§ (b) Modulus of Resilience, — For the purpose of calculating 
the amount of work performed in extending or compressing 
a bar of iron or steel up to the elastic limit, the modulus 
of resilience R is a useful and convenient co-efficient. 

In the following consideration we have used inch units 
of measurement and pound units of weight. The stress 
producing a given elastic strain is denoted by P; the 
strain due to P is denoted by /; consequently, as the 
modulus R represents the product of the stress and the 
strain, its value is obtained in inch-pound units, as shown 
by the equation : 

R = P X / inch-pounds {3). 

By rule (2a), E = P -f / ; therefore / = P -7- E. Hence 
Px/=PxP-T-E, and the modulus of resilience 
becomes 

R = p2 -f. E inch-pounds {3^). 

Example 4. — Find the modulus of resilience for a steel 
bar, 2 in. square, subjected to a tensile stress of 60 tons. 
Let E = 13,000 tons per sq. in. 
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With a stress of 60 tons on the bar, the stress per sq. in. 

P=: 60 -7-4=15 tons-. 
By rule (3a) : 

(152) 
iToDo ^ 2,240 = 38769 inch-pound units. 

§ (c) Measurement of Resilience. — In expressing the actual 
quantity of work done, inch- pound or foot-pound units can 
be used, but the latter notation is adopted in practice. As 
the stress applied commences at zero and ends at the 
value P, it is evident that the effective stress is of the mean 
intensity represented by P ~- 2, and resilience, denoted by 
the symbol /?, is equal to the mean stress intensity 
multiplied by the strain in inches or feet. 

Using inch and pound units as before, 

/? = (P-7- 2) X / inch-pounds .... {4). 

We have already shown that / = P -=- E ; therefore 

P P 
(P -r 2) X / = — X p, and it consequently follows that 

i? =: P^ -7- 2E inch-pounds (4a). 

These rules can be applied to the determination of work 
done, or of resilience in bars of any length and area by 
including the necessary dimensions ; and the results will 
be given in foot-pound units, if the values first obtained be 
divided by 12, or if the factor / be made to express length 
in feet (Table X, Appendix). 

Example 5. — ^The measured extension of a bar i inch 
square is o*i inch with a stress of 10 tons. Find the work 
done, {a) in inch-pounds, (b) in foot-pounds. 

By rule (4) : 

{a) Work done = (10 x 2,240-5-2) x o*i = 1,120 inch-lbs. 

12 

(P) >» V - (10 x2,24o-^2)x •0083 = 93*33 „ 

Example 6. — Find the resilience in foot-pounds for a 
steel bar 10 ft. long by 2 in. square subjected to a tensile 
stress of 60 tons, equal to 1 5 tons per sq. inch. Let E = 
1 3,000 tons per sq. inch ; a = sectional area of the bar in 
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inches, and L'= length of the bar in feet. Adding these 
factors to rule (4a), we get /?==P2 -f 2E x aL', 
Therefore, 

^ ~ 26,000 ^ ^'^40 X (4 X 10) = 775*3^ foot-pounds. 

Resilience can also be calculated in a still more simple 
manner if the modulus of resilience be known, because it 
is equal to R multiplied by half the product of the area in 
square inches and the length in feet. Thus : 

/? = R X aL' -^ 2 (s). 

Example 7. — Find the resilience in foot-pounds for the 
bar in Example 6 and under similar conditions. By 
Example 4, the co-efficient of resilience is 38769 inch- 
pounds. Then 

« or 4x10 

/? = 38769 X = 775*38 foot-pounds. 

The determination of resilience is generally limited in 
practice to such structures as may be exposed to concen- 
trated loads applied at or near one point, and co-efficients 
of resilience are, therefore, seldom required in connexion 
with ordinary buildings. 

27. Co-efficient of Transverse Rupture,— Another 

co-efficient, termed the modulus of transverse rupture, is 
applied to denote the ultimate strength of bars or beams in 
respect of resistance to bending, and is commonly indicated 
by the symbol (/). The modulus of rupture does not 
coincide either with the tensile strength or with the com- 
pressive strength, and its value varies with the form of 
the cross-section of the material. Several theories 
have been propounded in explanation of this peculiarity, 
though none of them are entirely satisfactory. Rankine 
assumes one cause to be the fact that the resistance of a 
material to direct stress is increased by preventing or 
diminishing the alteration of its transverse dimensions. 
He also suggests that when a bar is directly torn asunder, 
the strength indicated is that of the centre part, which 
is the weakest, whilst when it is broken transversely 
the strength indicated is that of the outer part, which 
is the strongest. In any event, the difference really 
exists, and the modulus of rupture can only be determined 

s 
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experimentally. The unit value of the co-efficient (/) is 
expressed in pounds or tons avoirdupois per square inch 
(Art. 99, § c), 

§ (a) Internal Stress in the Absence of External Load, — 
A state of internal stress may exist in a material in 
the absence of external load, and upon the presence or 
absence of this condition the value of any particular 
piece very much depends (Arts. 75, § a] 79, § a; and 
82). As pointed out when speaking of crystallisa- 
tion in connexion with castings (Arts. 12 and 14), 
weakness may result from unequal cooling of the metal, 
and this weakness is entirely due to internal stress, which 
could only be measured by a direct test of each individual 
casting. Internal stress may also result from deformation 
produced by previously applied forces, and can be removed 
by annealing (Arts. 24, §/. 34, 35, § d; 43, § a). Material 
free from internal stress is said to be in a state of ease. 

28* Factors of Safety* — We have now summarised 
the principal units adopted for measuring or denoting the 
mechanical properties of bodies under stress, and before 
proceeding to examine existing records which furnish 
multiples showing the actual values for different kinds of 
iron and steel it will be convenient that factors of safety 
for these metals should be numerically expressed. As 
commonly understood, a factor of safety is the ratio 
of ultimate strength to working stress, and the standard 
so arrived at is not only meaningless, but is based on 
entirely fallacious premises. Its existence, like that of 
** horse-power," as applied to a steam boiler, is hallowed by 
custom, and its use will, no doubt, be continued for years 
to come, both by those who know its absurdity and by those 
who do not. Bearing in mind the fact that under no con- 
ditions should direct stress be sufficient to produce strain 
beyond the elastic limit or to occasion fatigue, it is evident 
that the factor of safety should be some ratio between the 
clastic limit and the working stress, more especially as we 
know that elastic limit bears no definite relation to ultimate 
strength in the case of different metals cr of varieties of 
the same metal. Those who object to the elastic limit as a 
basis for the calculation of working strength rely chiefly 
upon the fact that an artificial elrstic limit might be 
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established, as mentioned in Art. 24, § /, for the purpose of 
deceiving the inspector sent to test the material. We do 
not think it probable any respectable iron or steel master 
would practise dishonest manipulation of this kind, nor 
would it always be practicable. Moreover, it is obvious 
that precautions could easily be taken to guard against the 
success of such a manoeuvre. 

In whatever way the factor of safety may be calculated, 
the following contingencies have always to be considered : 
(a) the possibility of errors in estimating loads ; (b) the 
differences between the strength of materials in bulk and 
in tested specimens ; (c) possible errors in the calculation 
of stresses and strains ; (e/) the occurrence of unexpected 
strains through indifferent workmanship; (e) the risk of 
deterioration from various causes; (/) the establishment 
of oscillative stresses; and (g) the production of fatigue 
due to vibration or shock. If we use the basis 
mentioned above, the factor of safety = (ultimate strength 
-f- working stress), which may be expressed thus : S = 
(F -f- x\ where S = factor of safety, F = ultimate 
strength, and x = working stress. As the quantity (x) is 
always more or less variable, the choice of a factor 
depends almost entirely upon individual judgment and 
experience. Taking ultimate strength at the value indi- 
cated by tested specimens, and assuming the working stress 
to be carefully calculated, the factors given in the subjoined 
table should be found to cover the several sources of error, 
and, in addition, to provide a sufficient margin of safety. 

Table VII. — Factors of Safety. 



Material. 


Dead Load. 


Live Load 


Wrought Iron and Steel, Girders . . 
,, ,, „ Columns 

and Struts 
Cast Iron, Girders . . 
„ „ Columns 


3 4 

4 5 
5-6 

5—7 


5 6 

6-7 
8-9 

8-10 



£ 2 
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CHAPTER V. 
STRENGTH OF IRON AND STEEL. 



29. Strength of Cast Iron.— §(«) Tensile Strength,— 
Undoubtedly the most useful tests of cast iron for structural 
work are those showing its tensile strength. When very 
careful examination is desired, the test specimens ought to 
be cast upon the castings themselves, so that they may be 
broken off and shaped for the testing machine. The average 
tensile strength of cast iron is about eight tons per square 
inch, and it is in no way decreased by removal of the skin. 

Table VIII. — Tensile Strength of Cast Iron. 



Authoiiiy. 


No. of 
Tests. 

5' 

53 
6 

4 
23 


Ultimate Strength in Tons 
per sq. in. 




Highest. 


Lowest. 


Mean. 


Hodgkinson 

»» 
Woolwich 

Wade 

)) ... ... ... 

Turner 

Rosebank Foundry 


976 
10-5 

153 
157 

i8-2 


60 

4 9 
4*2 

475 
6-5 


7*37 
683 
io'4 

137 
9-1 

15-3 



§ (b) Compressive Strength. — ^The resistance of cast iron to 
compressive stress diminishes as the excess of height over 
diameter is increased, but strength may be taken as being 
fairly uniform for any given quality when the height is 
between one and three times the diameter. The average 
compressive strength of cast iron is between thirty-eight and 
fifty tons per square inch. 

Some of Mr. Hodgkinson's experiments are summarised 
in the following table :— 
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Table IX, — Compressive Strength of Cast Iron {Hodgkinson) . 



Kind of MeUl. 


Nuniter 

of 
Tests. 


Number 

of 
Brands. 


Ultimate Strength in Tons 
p:r sq. la. 




Highest. 


Lowest. 


Mian. 


Ordinary. _*.. 
Stirling's (CI. and 

W,l. mixed) 
Cold Blast 

XlOt fy 


8x 


. I6 
2 

6 
6 


52*502 

70-827 

51 '50 
6490 


25*198 

53329 

36*50 

3690 


38*525 

59*522 

44*30 

45*80 



§ (c) Transverse Strength, — A very convenient and easily 
applied test for cast iron consists in placing a bar of the 
material on two supports a certain distance apart, and 
loading it at the centre with gradually increasing weights. 
Tensile and compressive stresses then result partly from 
the external load and partly from the weight of the material 
itself, and mechanical principles are also involved which 
need not be considered now, as atpresent our attention is 
confined to comparative records of strength. In the annexed 
table the breaking weights for bars of various dimensions 
are given, together with the corresponding co- efficients of 
transverse rupture (Arts, 27 ; 99, § c). 

Table X — Transverse Strength of Cast Iron, 



Authority. 


Dimensions in 
Inches. 


Centre Breaking 

Weight in 

Tons. 


Co-efficient 

of Transverse 

Rupture (/). 




/. b, d. 


Tons per sq. ui. 


Hodgkinson . . . 

Barlow 

v^jsiric ,., ... 

Mill&r 


54 X I X I 
54 X I X 3 
54 X I X 4 
60 X I X I 
60 X 2 X 2 

54 X I X I 
27 x 3 X I 
54 X 3 X 2 
36 X I X 2 
36 X I X I 


•219 

1*736 

4600 

-226 

1*541 
•252 

1-376 

2-410 

1-670 

•358 


17*73 
15*62 

23 28 

2034 

17*33 
20-41 

18.58 

16-27 

22-6 
19-6 
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§ {ct) Shearing Sirength, — ^Very little information is avail- 
able with regard to the resistance of cast iron to shearing, 
and it is not easy to ensure uniform distribution of stress 
on the section during tests. Shearing strength varies from 
C to 13 tons per square inch. 



Table XL-^ 


-Shearing Strength of Cast Iron, 


Authority. 


Shearing Strength 
in Tons per sq. in. 


Conditico of Bar. 


Kankine 
Stoney 
University College 


f • • 

• • • 

• • • 

• t « 


12*37 

8 to 9 
5'i8 
3*92 


Turned. 
Rough. 



30. Elastic Properties oT Cast Iron.— The follow- 
ing tables are calculated from Hodgkinson*s experimental 
results obtained by testing bars of cast iron 10 ft. long by 
I in. square, and from them it will be seen that cast iron 
has no definite elastic limit, as a perceptible permanent 
deformation is caused with comparatively small loads, and 
the set increases regularly with every addition to the load 
up to the breaking-point. The extent to which elastic strain 
takes place may be found by deducting set from extension 
or compression. 

Table XII, — Elastic Properties of Cast Iron in Tension^ 
Bars 10 feet long {Hodgkinson), 



Stress in 

Tons per 

sq. in. 


Total Extension 
in inches. 


Total Set 
in inches. 


Co-efficient of 

Elasticity 

(E). 


•94 

1-88 

2-82 

376 
470 
5-64 

6-6 


•0186 
•0391 
0613 
•0859 
•I 136 
•1448 

•1859 




0006 
•CO18 

0037 
0066 
0106 
0161 
0241 


6067 

5775 
5525 
5257 
4968 

4677 
4262 



STRENGTH OF IRON AKD STEEL. 



59 



Table XIIL- 



■Elastic Properties of Cast Iron in Compression^ 
Bars lo feet long (Hodgkinson). 



Stress in 


Total 


Total Set 


Co-efficient of 


Tons per 
sq. in. 


Cumpre&sion 
in inches. 


in inches. 


Elasticity 
(E). 


•92 


•0188 


•0005 


5879 


1*84 


•0388 


•CO23 


5701 


276 


•0598 


•0040 


5549 


368 


•0788 


•C060 


561 1 


4*60 


•0994 


•C085 


5560 


532 


1203 


•0109 


5516 


645 


'I416 


'OI4I 


5467 



31. strength of Malleable Cast Iron.—Published 

tests relative to malleable cast iron are somewhat divergent 
in their nature, probably owing to differences of form and 
quality. The undermentioned data are therefore only use- 
ful for general guidance : — 



Table XIV. — Strength of Malleable Cast Iron, 



Tons per sq. in. 

Tensile strength 14 to 17 

Compressive strength 4^ „ 70 

Transverse strength 20 „ 30 

Elastic limit i ,, 4 



32. Strength of Wrought Iron.— For structural work 

wrought iron is now comparatively little used, although 
for some special purposes it is preferred to steel. From 
experimental records bearing on the question of strength, 
we have selected only such as may serve to illustrate 
characteristics which ought not to escape attention, and 
which, for the sake of clearness, will be dealt with under 
separate sections. 
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§ (a) Tensile Strength. 

Table XV. — Tensile Strength of various kinds oj Wrought 

Iron (Styffe). 



Material. 


Tercent- 

agc of 

Carbon. 


Ultimate 
Strength. 
Tons per 


Contrac- 
tion of 
Area 


Elonga- 
tion 
in 5 ft. 






sq. in. 


per cent. 


per cent. 


Lowmooriron 


•21 


24 '73 


53 


19-6 


Cleveland 


•07 


26-81 


42 


17-3 


Dudley 


•09 


22*3 


20 


8-5 


Rolled charccal in n 


•12 


26 74 


16 


72 


II II 11 


•07 


22 67 


65 


18 -4 


Swedish iron 


•07 


20 92 


70 


21-1 



Table XVL — Average Tensile Strength of Structural Wrought 

Iron, 



Material. 


Ultimate Sti 
Tons per 


rength in 
sq. in. 


ContracUon of 
Area per cent. 


Plates 


18 to 


22 


7 


to 


10 


Angles, &c 


20 „ 


23 


12 


II 


16 


Bars, flat 


21 „ 


24 


18 


II 


22 


,, round 


19 », 


22 


13 


II 


18 


Rivet iron » 


23 11 


25 


30 


II 


40 



§(^) Compressive Strength, — Wrought iron, used under com- 
pressive stress in structures, seldom fails from insufficiency 
of strength, but rather from want of proper stiffening. The 
strength of wrought iron to resist compression is approxi- 
mately the same as its tensile strength, and the average is 
usually taken at from 16 to 20 tons per square inch. 

§ (c) Shearing Strength, — According to data furnished by 
tests made on behalf of the United States Navy, the shearing 
strength of wrought iron should not be taken at more 
than 80 per cent, of the ultimate tensile strength, and for 
ordinary brands 75 per cent, is a safer estimate. 

§ {d) Elastic Strength, — The co-efficient of elasticity for 
wrought iron is naturally a movable quantity, some of the 
most reliable values of which are summarised below : — 
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Table XVIL — Co-efficients of Direct Elasticity of 

Wrought Iron. 





Co-efficient E 




Material. 


in Tons 
per square inch. 


Authority. 


Iron plate (longitudinal) 


II,200 


Kupffer 


,, (transverse) 


I2,l6o 


)i 


Rolled bar iron ( English) 


12,850 


f » 


Lowmoor iron ... 


14,280 


Styffe 


Dudley „ 


12,260 


f) 


»» »> ••• ••• ••• 


12,680 


)i 


Bar iron (medium quality) 


10,000 


Barlow 



As before explained (Art. 24, §/), the elastic limit of 
wrought iron varies with successive loading and with the 
manner in which the loads are imposed. The averaged 
results in the following table will afford some indication 
as to the co-efficient which may safely be used for pur- 
poses of calculation ; — 

Table XVIIL — Elastic Limits of Wrought Iron. 



Material. 


Elastic Limit, 

Tons per 

square inch. 


Authority. 


Yorkshire bar iron 

S. C. Crown 

Swedish 

Yorkshire plate 

Bar ire n (medium) 


130 

n-8 
11-05 

12-2 
100 


Steel Committee 

Kirkaldy 

Barlow 



33. Strength of Steel. — Mild steel used in construc- 
tional work is about 50 per cent, stronger than wrought 
iron. It is proportionately superior in elastic strength and 
ductility, and is much more uniform in quality. The 
following tables, compiled from the various data available, 
will sufficiently demonstrate the chief characteristics of 
structural steel : — 
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§ (a) Mechanical Properties, 
Table XIX, — Mechanical Properties of Steel (Bauschinger), 



Carbon 


Elastic 
Limit, 


Tensile 
Strength, 


Elongation 
percent 


Contraction 


per cent. 


Ions per 

sq. in. 


Tons per 
sq. in. 


in 2-in. 
length. 


per cent, 
of area. 


•19 


21 02 


304 


20*1 


417 


•46 


21*90 


33-8 


i8-i 


30- 5 


■57 


21 -02 


35-6 


184 


307 


•78 


23-80 


4I-I 


II-4 


191 


•87 


27 24 


46- 7 


81 


16-5 


•96 


30 90 


527 


6-6 


100 



Table XX, — Co- efficients of Elasticity of Steel (Bauschinger), 



Co-efficient F. 


Co-efficient 
C 


Poifson's 
Katio. 


Carbon 


Tension 


Pressure 


Bending 


Torsion 


£ 


per cent. 


Tests 


Tests. 


TeMs. 


Tests. 


«r=2C-i. 


019 


13.780 


16,540 


13,020 


5,575 


•32 


0'46 


14,300 


14,640 


13.090 


5,420 


•30 


057 


13 720 


14^290 


13.080 


5.320 


•30 


078 


14,980 


14,480 


13,460 


5,405 


•34 


0-87 


13,880 


14,100 


13,590 


5,400 


•29 


096 


I3i820 


14,640 


13,080 


5,560 


•26 



§ (A) Shearing Strength, — The ultimate resistance of steel 
to shearing stress averages from 70 to 75 per cent, of the 
ultimate tensile strength. 

§ (r) Standards for Mild Steel. — For the purpose of 
indicating more precisely the qualities of steel which are 
most suitable for the architect, some of the requirements 
of Government and other specifications are quoted below 
in tabular form, (See also Appendix I.) 
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Table XXL— Standards for Mild Steel. 



Name. 



British Admiralty 

French Admiral ty 

Board of Trade 

Lloyd's ... 

Lancashire and Yorkshire Railway 



Tensile Streii|[th 
in tons per sq. in. 



1 



26 to 30 tons 
28 to 28 '5 ,, 

26 to 32 „ 

27 to 31 „ 
a6 to — „ 



Elongation in 
8-ta. length 
*(in so-in.) 



20 per cent. 
20 „ 

20* „ 
20 „ 
20 



As a general rule, rolled steel joists, angles, and bars 
ought to exhibit characteristics such as the following : tensile 
strength, 30 tons; elastic limit, 18 to 20 tons; co-efficient 
of elasticity (E), 13,000 tons ; elongation about 20 per cent., 
and contraction of area from 30 to 40 per cent. 

34. Strength of Steel Castings.— As steel castings 

are now frequently employed in place of cast iron, malle- 
able cast iron, and sometimes of wrought iron, it may be 
useful to state the average measurements of strength 
deducible from various experiments. Ultimate tensile 
strength may be anything between 15 and 45 tons per 
square inch, and, other things being equal, 20 tons is 
probably a safe average. The mean elastic limit is about 
13 tons, but it will be safer to assume this quantity a little 
lower. The mean co-efficient of elasticity (E) is about 
10,000 tons. Owing to the fact that the melting-point of 
cast Steel is considerably higher than that of cast iron, 
greater contraction takes place in the foundry; consequently 
steel castings should always be annealed for a period of 
about twenty- four hours at a temperature of about 1,700 
deg. Fahr. Annealing somewhat reduces tensile strength, 
but largely increases ductility, and, for the reasons pre- 
viously stated, removes internal stress. 

35. Notes upon Iron and Steel.— § {a) Effect of 

Rolling, — ^Thc ratio existing between the area of a finished 
bar and the area of the pile from which it was rolled 
exercises influence upon tenacity and elastic limit ; and the 
temperature at which rolling is conducted has a similar 
effect. These phenomena are wdenced by the tables given 
below ;-rr 
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Table XXIL — Effect of Reducing Iron Bars by 
Rolling ( United States Testing Board), 



Diam. 


Area of Bar. 
(Arta of PUt^ioo,) 


Tensile Strength, 
Tons per cq. in. 


Elastic Limit, 
Tons per sq in. 


in. 


Rough 
Bar. 


Turned 
Bar. 


Rough 
Bar. 


Turned 
B.r. 


2j 

2 

li 
I 


4'4 
4*9 
3*1 


21*1 
21*4 
22*7 
23*1 


21 I 

21*6 

23-1 

\ 22-8 


1325 

160 

156 

I7'4 


133 
142 

163 

17-2 



Table XXIIL^Effect of Cold Rolling. 



Material. 


Elastic 
Limit. 


Tensile 
Strength, 


Elongation. 


Iron plate 

,, ,, cold rolled 

Dudley bar iron 

M ,, cold rolled 

Mild steel 

„ ,, cold rolled 


14-48 
26*42 

i8~8o 
26*92 


2375 
29-78 

260 
38-4 

33*34 
34 -61 


150 

70 

20*3 

«o 

180 

II-5 



§ (b) Effect of Repeated Rolling, — If experimental results 
are to be accepted as establishing a general rule, repeated 
rolling improves the quality of wrought iron up to a certain 
point, beyond which, however, injury ensues, as shown 
below : — 

Table XXIV,— Effect of Repeated Rolling, 



Number of Times Worked. 




Tensile Strength, 
Tons per sq. m. 


• 


(Clark) 


(Clay) 


One ... 
Two ... 
Three... 
Four ... 
Five ... 
Six 

Nine ... 
Twelve 


•* ••* • 






22 38 

25 60 

25 '97 

26 65 


19-6 

235 
266 

27*5 
26*0 
19*6 
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§ (c) Effect of Hammering, — As a general rule it may be 
taken that the effect of hammering or forging ductile 
materials such as wrought iron and steel, at temperature 
below that of plasticity, is to increase ultimate strength 
and to reduce ductility proportionately. 

§ (d) Effect of Re-heating, — The effect of re-heating, or an- 
nealing, wrought iron and steel is to reduce tensile strength 
whilst increasing ductility. Annealing removes the effects 
of over-strain, and causes the metal to revert to its natural 
condition. Consequently, ironwork in a building is not 
necessarily injured by exposure to fire ; on the contrary, it 
may be improved in quality, if originally rolled at too low a 
temperature, or if subsequently over-strained. 

§ {e) Effect of Temperature, — Very little diminution oi 
strength is experienced by wrought iron and steel when 
subjected to low temperatures ; in fact, some experiments 
indicate improvement at — 2 deg. Fahr. With regard to 
abnormally high temperatures, some investigators consider 
that wrought iron exhibits increase of strength up to about 
400 deg. or 500 deg. Fahr., but this conclusion is not entirely 
in accordance with the following data : — 

Table XXV, — Effect of Temperature on Strength. 

(Normal Strengths I CX).) 





Wrought 


Bessemer 


Wrought Iron 


Temperature. 


Iron 


Stetl 


(Franklin 




(RoelkerX 


(Roelker). 


Institute). 


odeg. F. 


100 


100 


96 


too ,, 


100 


100 


102 


300 „ 


97 


I03 


io6 


500 „ 


92- s 


98- 5 


104 


700 „ 


815 


68 


92- 5 


l,oco ,, 


26 


3' 


36 


^5o^ „ 


10 


12 


— 


2,000 ,, 


3*5 


5 





§ (/) Effect of Sudden Stress, — Comparatively few records 
are available as to this point, but the average results obtained 
by Mr. Kirkaldy with regard to wrought iron indicate a 
difference of about 18 per cent, diminution of tensile strength 
under a suddenly applied load, and a similar decrease -of 
elongation. 
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§ (g) Effect of Galvanising, — Experiments made upon 
wrought iron plates appear to show no perceptible differ- 
ence in any way between galvanised and ungalvanised 
plates^ but there is a popular impression that the process 
of galvanising is not calculated to improve the quality of 
either iron cr steel, and no possible harm can result from 
the use of a somewhat more liberal factor of safety when 
calculating the strength of material so treated. 
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INTRODUCTORY NOTE. 



A STRUCTURE in iron or steel consists of two or more 
members, or pieces, which touch each other and are 
connected together at portions of their surfaces called joints. 
Each individual piece may be a simple member, consisting 
of metal in some unit form, such as a rolled joist ; or it 
may be a compound member, composed of two or more 
unit forms joined together, as may be most suitable and 
convenient For example, columns and stanchions are 
frequently constituted by the joining together of castings or 
of rolled sections by means of bolts, rivets, or other fasten- 
ings. Completed columns and stanchions are connected 
one to another, or to other parts of a structure, and they 
are provided with suitable arrangements for the attachment 
of various details. Girders, again, are often built up of 
several sections of iron and steel, and the completed 
members are joined together, or connected with other 
members. Similar treatment is practised with regard to 
roof construction and other matters of detail. 

Moreover, in many of these operations it is compulsory 
that something should be done in addition to the joining 
together of two or more pieces of metal, inasmuch as the 
parts have often to be cut, forged, welded, or otherwise 
manipulated in order that they may be suitable for the 
specific purpose in view. As previously expressed, our 
wish is to preserve a natural and logical sequence with 
regard to the matters under consideration, and we therefore 
propose to relegate the discussion of different typical con- 
nexions to future chapters, where they will be examined in 
conjunction with the integral parts of buildings for which 
they are more especially adapted. By the adoption of this 
course, we shall now be free to review in a general manner 
the theoretical aspects of the subject of joints, to summarise 
experimental data, and to refer briefly to some points con- 
nected with workshop practice. 



METHODS OF MAKING JOINTS, 69 



CHAPTER VI. 
METHODS OF MAKING JOINTS. 

36. Welding^. — When the question arises as to how two 
pieces of metal are to be joined along two edges in the 
most satisfactory and efficient manner, it appears that the 
only perfect method is to be found in welding. There are, 
however, many practical difficulties, especially where long 
welded joints are concerned, which prevent the attainment 
of theoretical efficiency. 

Welding is effected by raising the temperature of two 
pieces of iron or steel until a white heat is almost attained, 
and then by pressing or hammering them firmly together. 
In the case of steel, the temperature necessary varies with 
the percentage of carbon present in the metal. When the 
proportion of carbon is above i per cent., welding is diffi- 
cult, if not impossible. Welded joints made by the aid of 
a steam hammer are found to be about 5 per cent, stronger 
for wrought iron and 10 per cent, stronger for mild steel 
than similar joints made by hand. The strength of a weld 
depends very much upon the suitability of the metal, upon 
the form of joint, upon the care taken to bring the surfaces 
joined into close contact, and upon their freedom frcni 
oxide, cinder, &c. 

The welding together of steel and cast iron is not 
difficult if the steel be of suitable quality; but such a 
practice is not adopted for the connexion of structural iron 
and steel. 

§ (a) Electrical Welding. — Some tests by Professor Unwin 
of electrically welded steel bars of small dimensions yielded 
X\\Q following results : — 

F 
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Table XXVL-^ Strength of Electrical Welded Steel (Unwin). 



Carbon 


Ratio of Strength (original strength = 100). 


per cent. 


Series A. 


Series B. 


75 


59 


68 


I'OO 


76 


51 


I'OO 


50 


84 


115 


89 


113 


115 


75 


117 


1-25 


75 


86 



These figures do not appear to indicate that varying 
proportions of carbon exercise any jnarked influence upon 
the susceptibility of steel to welding, but in ordinary 
welding it is found, as before stated, that as the percentage 
of carbon increases, so does the difficulty of making a weld, 
and the operation should only be attempted in the case 
of mild steels. 

Electrical welding is a process which is extremely useful 
in special cases, though it cannot be practised on the site of 
ordinary building operations, and there are not many firms 
who possess the necessary plant for carrying it on in their 
works. 

§ (Jb) Efficiency of Welding. — Experiments were mad© in 
i860, by Mr. Bertram upon two forms of welded joint, the 
scarf -weld and lap-weld (figs. 16 and 17), where the lap was 
i\ in., the material being Staffordshire iron plate 24 in. 
long by 4 in. wide, and of three thicknesses. 




Fig 16. — Scarf iveld. 




Fig 17. — Lap-ivcld. 
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The results observed in these tests are tabulated below :• — 
Table XXVIL— Strength of Welded Joints {Bertram), 





Comparative Strength 
(original plate =103). 


t>escriptic»i of Joint 


^•in. 
Plate. 


& 


i-in. 
Plate. 


Average. 


Scarf- weld ,^ 

TAp-weld 


Faulty 
50 


106 
69 


102 
66 


104 
62 



According to Mr. Kirkaldy, the loss of strei^h in 
welded joints is from 1 5 to 30 per cent., and experfments 
made more recently by Professor Bauschinger upon mild 
steel and ingot iron bars varying in area from 0*15 to 2*0 
sq. in., indicated the strength of steel at the weld to be 
from 57 to 105 per cent, of the original bar, whilst the 
average was. 89 per cent. In the case of wrought iron, the 
strength at the weld was from 83 to 102 per cent, with an 
average of 95 per cent. 

It must be remembered that all the above were purely 
scienJific experiments, in which every precaution would 
naturally be- tal^n to ensure perfect connexions. In the 
course of ordinary wodcshpp practice it is highly probable 
that the strength of a welded joint seldom exceeds 60 or 70 
per cent, of the strength of the original material. 

%{c) Welded Joints in Structural Work, — Not only be- 
cause of undesirable loss of strength, but also on account 
of cost,- welded joints ^should be avoided as far as possible 
in structural work. When such a joint seems to be the 
only practicable method of connecting two parts, let us say, 
of a round, square, or narrow flat bar, the ends should be 
upset, or swelled out, in order that by the increase of 
sectional area some compensatioil^ may be provided for the 
diminution of unit-strength. 

Welding cannot always be dispensed with, especially- 
when connexions bave to be made involving the use of 
" stiflfeners," similar to those shown in fig. 18. Cranks of 
this kind can only be made in one of two ways — either 

F 2 



the surplus metal, pratnided by the act of bending, must 
be taken up in thickening the web, or V-shaped pieces 



equal to the cs lima ted surplus must be cut out, as in fig. i 
and tlie two edges be welded together after bending. 



aM 



Fig. 19, 

The former mode of treatment is 
be preferred, as the greater 
thickness of the web will add rigidity 
to the stiffener ; aud if the web be 
cut, it is morally certain that the 
joint will be considerably weaker 
than the original metal. Sometimes 
it may happen that a tee or angle 
bar is required to be cranked with 
1 fig. 20, and then the only course for 
portioti of the web, and to make 



Fig. 20. 
the web outwards, 
adoption is to cut 

good the deficiency by the insertion of a piece of plate, 
indicated by dotted lines in the figure. 

The Board of Trade rules for steam boilers contain the 
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Stipulation that steel plates which have been welded shall 
not be passed if subject to a tensile stress, aifd that they 
shall be efficiently annealed, subject to a compressive stress. 

37. Burnt-on Joints. — A process sometimes adopted 
in foundry practice consists in the joining together of two 
cast-iron surfaces, and, being somewhat akin to welding, it 
may conveniently be noticed in the present connexion. 
Occasionally it happens that some part of a casting, such as 
the bracket of a column, has cracked off. The ironfounder 
may then possibly suggest that a new bracket should be 
"burnt on." This operation is conducted by remoulding 
the bracket, and by placing the column, previously heated 
to a high temperature at the desired point, in such a posi- 
tion as to close the mould. The molten metal added to 
form the new bracket is supposed to raise the temperature 
of the surface of the column to the melting point, so that 
the two parts may unite to form a homogeneous casting. 
It is by no means certain that this result will follow, and a 
far safer practice is to have a new bracket cast separately, 
and to bolt it to the column. 

38. Joints for Sheet ' Metal— Besides welding there 
are some ingenious methods of connecting together iron 
plates by folded, hammered, and soldered joints, but these 
are not generally applicable to work of the kind we are 
now considering, although they are used in some minor 
details of construction involving the employment of very 
thin plates or sheets of metal. 

39. Riveted and Bolted Joints. — Seeing that the 

joining together of structural iron and steel by means of 
welding is only permissible or practicable under excep- 
tional circumstances, and that other methods mentioned 
are equally inapplicable, we have to look elsewhere for a 
mode of connecting such sections as are commonly used 
in constructional work. Some forms of material may be 
placed so that the edge of one piece overlaps the edge of 
another, and the two can then be joined by the insertion 
of rivets, bolts, pins, or similar fastenings. There are, 
however, some varieties of structural iron and steel — 
I-joists, for example — which cannot conveniently be caused 
to overlap in any approved manner, and any two pieces 
which it may be necessary to connect must be laid end to 
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end and held fast by the aid of flat plates, riveted or other* 
wise fixed to the flanges or webs of the two separate 
pieces. 

It should be remembered that joints, where perforation 
of plates or bars is necessary, are not all of the same class; 
some are intended to make rigid connections, whilst others 
are designed to permit a certain amount of movement about 
fixed points. (Art. 60.) It is not needful for the moment that 
we should enter upon detailed consideration of these two 
types of joints, but it will be advantageous that some 
features should be pointed out which are common to 
both. The strength of any joint between two pieces of 
metal, which have been perforated and are held together 
by transverse fastenings, largely depends upon two 
essential factors, (a) the tensile and compressive strength 
of the material, and (b) the shearing and tensile strengths 
of the fastenings, whether these be rivets, bolts, or pins. 
We already know from tables in Chapter V. what is the 
average unit-strength of iron and steel, but have now to 
ascertain in what manner and degree this is affected by 
manipulations incidental to the process of joint-making. 
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CHAPTER VII. 
THE PERFORATION OF PLATES. 

40. Methods of Perforation. — Plates of metal may be 
perforaied either by piinching nr by drilling, bm although 
these are the only two methods adopted ii) pi-actifc, 
subsequent auxiliary treatment is ol\eii applied. In the 
case of punched holes ihe plates arc sometimes annealed to 
restore the original quality of the material, or the holes are 
cither drilled out or countersunk to remove the ring ol 
hardened metal wholly or in part. The sharp edges of 
drilled holes are generally removed, or the holes are slightly 
countersunk, so that the rivets shall not be cut. The rela- 
tive advantages and disadvantages of these manipulations 
arc considered in the present chapter, only so far as they 
are evidenced by plates performed, but not riveted, and in 
Chapter IX. as they arc evidenced by plates in rivcied 
joints, it has been found desirable to divide the discussion 
of the subject in this way, because the data presented in 
the latter chapter would be inappi'opriate for presentatioii 
at the present stage. 

41. Punching'.— Punches and dies for forming rivet- 



holes do not vary much in shape. A centre-point, as in 
fig. 22, assists the operator in finding the centres of holes 
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marked on the plate^ and tends to ensure greater accuracy 
than is obtainable with a plain- faced punch, as fig. 21. In 
every case the punch is slightly larger in diameter at the 
face than in the shank, and the face is usually concave, so 
that a clean cut may be obtained. 

It is not advisable that the punch should fit the die 
without clearance, nor that the clearance should be ex- 
cessive, as illustrated in lig. 23, for in either case the 
result will be prejudicial. A close die, producing a 
cylindrical hole, causes greater loss of strength than an 
open die, by which a conical hole is made. It is usual in 
practice to use a punch about -^V in. larger in diameter than 
the rivet, and to have the die hole larger than the punch in 
the proportion of J in. to i in. thickness of the plate. The 
following table shows these relations for some of the most 
ordinary rivets and plates. 



Tabic XXVII L — Proportions for Diameter of RivetSy 
PuncheSy Die HoleSy artd Rivet Holes, 
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§ {a) Punching Machines. — As a general rule, punching 
machines for structural iron and steel are provided with a 
single punch, and they are operated by hand, steam, or 
hydraulic power. Some steam machines are driven by 
belt, and others by engines attached to the main frames of 
the machines. In marking off the rivet holes a template 
is generally used in which holes are drilled wherever holes 
are required in the metal plate. The template is then 
clamped to the plate, and a wooden plug, the end of which 
has been dipped in white lead, is pressed into each hole, 
making a mark to indicate the position of the rivet hole. 
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Instead of marking off the holes by means of the wooden 
plug, it is better to use a centre punch, so that the centre 
of each required' rivet hole may be shown by a slight conical 
depression. When the latter plan is adopted, a centre- 
point punch (as fig. 22) is fitted to the machine, and the 
" puncher" has no diflficulty in ascertaining the exact centre 
of the hole to be punched. 

When an automatic-feed punching machine is available, 
the process of marking off is unnecessary, as afler each 
stroke of the punch the plate is carried forward the exact 
distance for which the machine has been set. Multiple 
punching machines are made in which as many as 70 or 
80 holes can be punched at once, but such tools are chiefly 
intended for tank and similar work, in which the plates are 
not more than ^ in. thick. Other multiple machines have 
been made capable of punching holes of variable pitch and 
arrangement, but their cost is so great that very few tools 
of this type are to be found in operation. 

§ (b) Force Required for Punching. — Experiments have 
shown that resistance to punching is practically of the same 
value as resistance to tensile strain, and the force re- 
quired in any given case may be found* by the following 
rule : — 

"P = ax t X F^ 

Here P = force required, a = area of the hole, / = 
thickness of the plate in inches. Ft = tensile strength of the 
material in tons per square inch. 

§ (c) The " F/ow " 0/ Metal during Punching, — Perhaps it 
may at first sight appear that there is nothing particularly 
interesting in connexion with the punching of a hole in a 
piece of iron of steel, but some remarkable phenomena are 
nevertheless involved. As formulated by M. Tresca, in a 
paper on " The Flow of Solids," three periods exist with 
regard to bodies under the influence of stress : — (i) the 
period of perfect elasticity ; (2) the period of imperfect 
elasticity; and (3) the period of fluidity. In the first of 
th^se, strain is proportional to stress ; and in the second, 
strain increases more rapidly than the stress which 
produces it (Art. 24 §« and §c). The third condition, as 
defined by M. Tresca, is one in which a given force would 
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continue to produce strain, or deformation, without limit — 
ea may be observed in the drawing of lead. This period is 
said to be "more extended for plastic substances; it is 
more restricted, and will even disappear altc^ether for 
some vitreous or brittle substances. But it is perfectly 
developed and extremely extended in the case of clays 
and of the most malleable metals." An exemplification of 
M, Tresen's theory will be furnished if a piece of plastic 
material be placed on a die and perforated by a punch. It 
will then be found that the thickness of the " burr," or 
piece punched out, will be less than the thickness of the 
original block, as indicated in figs. 24 and 25. As it has been 
demonstrated that no increase of density takes place in the 
burr under such circumstances, it is evident that a large 
liroportion of ihe niet.-il is absorbed laterally into the bWk. 



Fig:. 24. Fiff. 25. 

In a case Hkc tliis a very distinct side movement of the 
particles of the metal commences before direct severance 
occurs. This fact was established some years ago by 
Messrs. Hooper and Townsend, of Philadelphia, when 
punching material if in. thick with a |-in. punch (fig. 24.) 
The thickness of the resulting burr was only \^ in., and the 
greater part of the difference represented side flow. 
Another remarkable case of "flow" (represented by fig. 25) 
is mentioned by M. Tresca, in which a hole a crti. diameter 



THE PERFORATION^ OF PLATES. 79 

wag punched through a block of metal lo cm. thick, and 
the resulting burr was only 3 cm. thick. Such results as 
these are of course altogether exceptional, and must not 
be looked for in the course of ordinary work. 

For thinner plates the flow is proportionately less, but it 
always . exists. In another experiment by M. Tresca, 
several pil^d-up pieces of lead were punched through, and 
when the burr w^s taken apart it was found that the discs 
near the bottom were nearly of the same thickness as the 
original metal, whilst the upper layers were considerably^ 
thinner. Although more recent experience indicates that 
the effects of punching a piled specimen are not precisely 
identical with those experienced in the case of a solid 
block, the experiment cited will serve to confirm the 
statement that the greater part of the metal which flows 
laterally into a block during punching comes from the 
higher layers of the material, and, consequently, com- 
pression is most considerable near the cut edge of a 
perforation. This part of the metal is in a state of internal 
compressive stress, and the thicker the plate whicli has 
been punched the greater must be the injury caused. 

42. Effect of Punchiog: on Strength.— As men- 
tioned in the preceding paragraph, one effect of punching 
is to produce compression of the material, especially near 
the upper edge of the hole. Speaking generally, it is found 
that plates which have been perforated by punching are 
more or less damaged. Sometimes there appears to be an 
increase of strength, but this is only attained at the expense 
of . ductility. At other times a distinct loss of strength is 
observable.' The general concensuaof "opinion is that the 
loss of tenacity in iron arid steel plates due. to punching 
varies from 5 to 25 per cent, of the original strength of the 
solid plate. 

•The percentage in any individual case depends upon 
various attendant conditions, which for the sake of con- 
venience we have discussed in the following separate sec- 
tions of this article. 

§. (a) Thick and Thin Plates. — As we have already seen 
(Art. 41, §e:), the thickness of a plate is directly responsible 
for a difference of strength; but when plates are under 
^ in, in thickness, the loss due to punching is not very 
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serious, and many authorities are inclined to permit such 
material to be punched if it is to be used in ordinary 
structural work. In the case of very mild Landore steel 
not exceeding | in. thick, it was demonstrated by Professor 
Kennedy that punching actually caused an increase of unit- 
strength ; and the late Sir William Siemens always main- 
tained that punching did not injure mild steel, although 
experimenters with other brands found the reverse to be 
the case. 

After an exhaustive series of experiments, Martell arrived 
at the conclusion that the loss of strength due to punching 
plates above i'm, thick ranged from 20 per cent, to 23 per 
cent, for iron, and from 22 per cent, to 23 per cent, for 
steel. Table XXXI. shows that there is a general loss of 
tenacity, increasing directly with the thickness of the 
plates ; and the concurrent diminution of contraction indi- 
cates a serious loss of ductility. 

From the facts stated above it will be safe to infer that 
the loss of tenacity resulting from punching plates of 
different thicknesses to be as follows : — 

Thickness of plate . . J in. J in. | in. i in. 
Loss per cent 6*0 8*5 I7'6 25*0 

§ (b) Narrow and Wide Plates, — Under some conditions 
the width of a plate has an important bearing upon the 
question of punching, and this will be best understood if 
we state the effect observed in the course of some tests 
by M. Barba. 

Table XXIX. — Tests upon IVide and Narrow Steel Bars 
Perforated by Punching {Barba), 

(Thickness = 0-28 in., Diameter of hole 0*68 in., Normal Tensile 

Strength = 32 7 tons.) 



Width of bars, inches . , . 
Tenacity— cylindrical holes 
conical 



>» 



it 



1-28 


20 


2 72 


3*44 


4" 16 


27- 1 


259 


253 


22-7. 


243 


31-7 


283 


263 


22-4 


22*9 



488 

23' I 
23 '7 



It has already been stated that the metal immediately 
around the punched hole is compressed, especially in the 
cut edge, but the injury, as shown by the investigations of 
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M. Barba, M. Considerc, and others, is confined to a narrow 
zone of about ^ in. wide. If this ring of metal be cut out, 
it will be found to be extremely brittle and incapable of 
bending, and, assuming the holes to be spaced close together, 
the annuli of hardened metal will nearly touch each other, 
and the tenacity of the material between the holes will 
be considerably raised. In this way the strength of metal 
in narrow bars full of holes becomes much increased, but 
as the effect is to create a brittle material out of a ductile 
one, the element of danger is distinctly perceptible, and 
such bars should never be used unless perforation be per- 
formed without altering the natural characteristics of the 
material. 

This point is illustrated by the results obtained by M. 
Considere by testing narrow bars punched less than half- 
way through from each side, so that a strip of metal was 
allowed to remain between the semi-perforations. 

Table XXX, — Tests upon Narrow Steel Bars partly Perforated 

by Punching (Considere), 

(Longitudinal Pitch of Semi-holes stated on the Upper Line of Table.) 



Make of Steel. 


Normal Tensile 
Strength. 


Tens'Ie Strength after punching. 




•2 1 "24 


•32 1 -56 


l'2 


2'0 


Martin 

Bessemer 


32-7 tons 
38- 1 „ 


42 6 


41-5 


40- 6 
468 


33*3 
39:6 


2S-6 
336 


27*2 

30- 6 



When the bars are wider and the pitch of the holes 
is greater, a totally different state of things exists, for 
the annuli of hardened metal do not meet, and on the 
application of stress, they do not stretch so much as the 
intermediate parts. Consequently, the annuli are ruptured 
before the intermediate metal has come fully under the 
influence of tension, and the unit-strength of the perforated 
plate is, therefore, less than that of an entire plate. 

§ {c) Hard and Mild Metal, — The extent to which iron and 
steel are affected by punching depends very much upon the 
quality of the metal. Puddled iron plates exhibit varying 
diminution of strength according as the textile pull is applied 
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longitudinally or transversely, the difference averaging 
about five per cent. Hard metal is apt to develop cracks 
when punched, and to suffer reduction of tenacity in pro- 
portion to hardness, but mild steel, on the other hand, is 
sometimes improved in strength by punching. Thus, the 
experiments of Professor Kennedy, mentioned in § a above, 
showed that the increased tenacity of very mild steel 
punched plates was very much greater than in the case 
of harder steel. 

§ (flf) Form and Condition of Punch and Die, — Strength is 
considerably affected by the form and condition of the 
punch and die. Bad tools may cause great injury to the 
metal, and develop weakness along a line of rivet holes. 
Experiments made for Lloyd's upon steel plates as to the 
effect of increasing the taper of punched rivet holes gave 
the following results : — 

Taper of hole, ^V *"• Loss of tenacity, 178 per cent; - 

43. Removing Injury due to Punching.— Table 

XXXL affords a general indication as to the manner in which 
the injurious effects of punching may be obviated^ and some 
notes upon the same subject are contained in the section 
following. 
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Table XXXLStrength of Perforated Steel Plates 

(Board of Trade), 



Condition of plate. 


^-in. plate. 


^ in. plate. 


i'in. plate. 


i-in. plate. 


B 


C B  f " C 
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c 
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"... 
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Unperforated ... 
Punched 
Punched and an- 


30-17 
28*32 


53*3 
24*1 


27-69 
25-33 


500 
19*1 


27 84 

22*94 


39*4 
130 


28*17 
21*26 


388 
5:4 


nealed ... 316 l4i'3' 29-391 37-4 
Punched and 


29- 31 


30*7 


29*12 


247 


drilled ... 31-23 240 30*86 
Drilled... . ...131*46 36*61 31 -37 

1 


289 

32 7 


58 '81 
30-23 


19-4 
32*1 


29- 15 

28 43 


15*9 
332 



B— Ultimate tensile strength in tons per fquare inch of initial net section, 

C — Contraction per cefijt. 
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§ (a) Annealing, — Strength lost during the operation of 
punching can be restored by annealing. There js ample 
testimony to show that annealing will entirely remov^ the 
prejudicial effects caused by punching, and that in some 
cases greater relative strength may be obtained than origin- 
ally existed. Annealing is performed by raising the tempera- 
ture of the plate to a dull red and covering it with ashes or 
sand until cold ; but a better plan is to leave the plate in the 
annealing oven until it is cold. In the case of mild steel 
bars used for structural work, annealing is not considered 
necessary if the thickness does not exceed | in. When 
the punched material is between j in. and J in. thick, either 
annealing or some equally restorative treatment is verj^ 
desirable. 

The benefit derived from annealing is clearly evident in 
Table XXXI. 

§ (b) Drilling-oul and Countersinking. — The practice of 
punching holes about \ in. less in diameter than the required 
size and then of boring out the remaining metal is distinctly 
advantageous, as also is the practice of countersinking 
after punching. In either case the unit tensile strength 
of the plate may be fully restored, but as neither operation 
removes the whole of the hardened metal, the plate is not 
left with ductility quite equal to that in ** punched and 
annealed " or in drilled plates. 

44. Drilling. — Drilling is always to be recommended as 
the best mode of effecting the perforation of plates, and, 
considering the great advances which have been made in 
connexion with tackle available for the purpose, it is 
probable that the operation can be performed almost, if not 
quite, as economically as punching. As will be seen by 
reference to Table XXXI., the effect of drilling is clearly 
to increase the unit-strength of metal between the holes, and 
according to Professor Kennedy, the explanation of this 
apparent paradox is that contraction of area at the hole 
may alter the usual flow of the metal when under severe 
stress, rendering it more uniform than it would be in an 
unperforated plate, so that the stress can be more evenly 
distributed throughout its area. Mr. Kirkaldy attributed the 
phenomenon to suppression of elongation, and consequently 
of contraction of area. This theory is shared by other 
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experimentalists, to whose work we need make no detailed 
reference, for the fact itself is really sufficient for our 
purpose. It must be borne in mind, however, that the total 
strength of a plate which has had a portion, or portions, 
removed cannot be so great as that of an entire or untouched 
plate, although its unit- strength may possibly be greater. 
Table XXXL shows that the increase of strength due to 
drilling is inversely proportionate to the thickness of the 
plate, as we found the diminution of strength to be in the 
case of punched plates. 
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CHAPTER VIII. 
RIVETS AND RIVETING. 

45, Forms of Rivets, — Rivets are manufactured from 
round bars of iron or steel, of tough and ductile quality, 
and of suitable diameter. The bars are heated in a furnace, 
cut up into pieces of the required length, and each piece is 
pressed in a die, which upsets one end of the metal, so as 
to form a head. This part, for the purpose of distinguish- 
ing it from the " head'* made in the process of riveting, is 
technically described as the "tail," and the other portion of 
the rivet is known as the " shank." Rivet shanks are 
generally parallel, but sometimes they are tapered towards 
the point, so that they may be easily placed into the rivet 
holes of a perforated plate. There are many different 
shapes in which rivets are made, and some of the most 
common of these are illustrated in figs. 26 to 30. 
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Fig, 26. Fig, 27. Fig^ 28. Fig. 29. Fig, 30. 

§ (a) Proportions of Rivets, — Unfortunately, no standard 
dimensions have yet been agreed upon with regard to the 
proportions of rivets, but those contained in Table XXXII. 
may be taken as fairly representative of good practice. 
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Table XXXIL — Average Proportions of Rivets. 
(D=diameter of rivet.) 



Fig. 


Description. 
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In the process of riveting, the rive't is heated to a suit- 
able temperature and is then placed in the hole. The head 
is formed by hammering, aided in some cases by the use of 
a riveting-set; or a riveting machine actuated by steam, 
hydraulic, or pneumatic pressure may take the place of 
hand labour. The necessary length of shank projecting 
through the plates for the formation of a satisfactory head 
is governed by the thickness of the plates, by the diameter 
of the rivet, and by the method of riveting adopted. 

§ (b) Length of Shank, — As the shank -of the rivet is 
swelled out during the process of riveting so as to com- 
pletely fill the hole, it is obvious that the length of the 
projecting portion must be in some measure governed by 
the collective thickness of the plates. The diameter of 
the rivet is always proportioned to the thickness of the 
plates and to the kind of joint made; and as a general 
rule the diameter of the rivet is the basis from which the 
length of projection is calculated. Thus in the case of 
countersunk heads the projection is equal to the diameter 
of the rivet, to i^ or \\ times the diameter for raised 
heads in hand riveting, and to i| or i| times the diameter 
for similar heads in machine riveting. Fig. 31 represents a 
rivet projecting through two plates and the dotted arc 
shows the ultimate form of the head. 

464 Proportions and Forms of Wvet Heads,— In 

t^We 'XXXHL> ^th«^..ayerage^ jffoporifipdQts ^xiL^^^^^ 
66ads -are-giyen, togeih^. .wk£u*ref<^e^e$^|^^^ in 

which the completed rivets AriL-lUiijHrated..^ lTbe.rl^^^^ 
beads are at the top in every instance. 
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Table XXXIIL — Average Proportions of Rivet Heads* 

(D= diameter of rivet.) 



Fig. 
No. 


Description. 


Diameter 
of Head. 


Depth of Head. 


32 

33 
34 
35 

37 


Conical head 

Snap head 

Conoidal head 

Countersunk head 

Countersunk elliptical head 


DX2 

Dx 16 
Dx2 
Dx 1*5 
D X I • 5 


Dx-75 

Dx 63 

Dx-75 

Dx "5 to '7 

D X • 5 within the plate. 

D X • 25 above the plate. 




Fig, 31. Fig. 32. Fig, ^Z' ^^'g- 34- P^^g- 35- 




Fig, 36. Fig. 37. Fig. 38. Fig, 39. Fig, 40. 




Fig. 41. Fig. 42. Fig. 43. Fig, 44. Fig. 45. 

§ («) Modes of Making Various Heads, — ^The conical head, 
illustrated in fig. 32, is made by hammering dov^n the 
rivet point by the use of light hammers, and finishing 
the head v^ith a riveting-set. or die. 

G 2 



88 STRUCTURAL IRON AND STfeEL. 

The cup, or snap, head, shown in fig. ;^2f is formed by 
hammering down the point of the rivet, and finishing the 
work by the aid of a cup-shaped die, commonly called a 
*'snap/' 

The conoidal head, shown in fig. 34, has a radius equal to 
diameter of the rivet x 18; but this form is now very 
little used. 

The countersunk head (fig. 35,) is formed by knocking 
down the rivet point into a conical hole, and sometimes, as 
shown in fig. ;^6y the head is finished so that it projects 
above the surface of the plate, in order to give an increase 
of strength. Another type of countersunk head is illus- 
trated in fig. 37, where the height of the head above the 
surface of the plate equals the rivet diameter x '25. Some- 
times the plate is slightly countersunk in such a manner as 
to form a neck both at the head and tail, as in fig. 38, there- 
by adding to the strength of the rivet, and diminishing the 
cutting effect of the perforated edge of the metal. 

47. Examples of Defective Riveting.— Riveting is 

an operation requiring a sufficient amount of attention to 
various points of detail, and if these be neglected, serious 
diminution of strength must ensue. Therefore, it is 
desirable that we should briefly examine the most frequent 
causes of defective work. 

§ (a) Wrong Arrangement of Plates, — When two punched 
plates are to be joined, they should always be placed so 
that the holes come together, as in fig. 39 ; the holes are 
then completely filled by the rivet, and as the tension 
due to contraction is equally distributed throughout the 
whole length of the hole instead of being concentrated at 
the ends, the stress on the rivet head and tail is not 
excessive, and the configuration of the rivet is such that 
there is always a grip on the plates, even if the head or 
tail should be accidentally detached. 

The converse arrangement of the plates is shown in 
fig. 40, where the rivet takes a barrel- like shape, which is in 
every way undesirable. 

§ (b) Non-cylindrical Hole through Two or more Plates, — 
Supposing three or more plates have to be riveted, they 
should be clamped together in their proper relative 
positions, and drilled through at one operation so that the 
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hole may be truly cylindrical throughout. If perforation be 
performed by punching, it is impossible for the hole 
through a series of plates to be cylindrical, because each 
individual hole is tapered, and if riveted up in that state 
the result would be a joint similar to that depicted in 
fig. 41. Supposing the individual plates are punched, and 
afterwards drilled or rimered to size, the separate holes 
will be cylindrical, but it is quite possible that the collective 
hole may more or less resemble the pattern of that 
indicated in fig. 42. In either event, the riveting would be 
bad, for, supposing the rivet were made so hot that the hole 
became entirely filled during the operation of closing-up, 
there would be a series of sharp angles in the shank tend- 
ing to assist shearing stress. On the other hand, if the 
rivet were not heated sufficiently to permit of its substance 
being forced into all the eccentricities of the hole, a full 
bearing would not be obtained, and the rivet would become 
loosened in time, especially under the influence of live 
loads. Another example of defective riveting is shown in 
fig. 43, where a rivet is seen filling a partly obscured or 
" blind " hole, formed by the imposition of two inaccurately 
punched plates. If a hole of the last- named kind has to be 
encountered in the course of hand-riveting, it is generally 
the case that the space will not be completely filled, and 
the finished rivet will probably acquire a shape somewhat 
like that seen in fig. 44. 

§ (c) Badly Worked Rwets, — A badly-headed rivet, as in fig. 
45, can only result from carelessness. Rivets should not 
be used when above a dull red heat, as they are liable to 
injury if worked at too high a temperature. They ought to 
be quickly heated in a clean fire, in which they should not 
be allowed to remain for too long a time. The presence 
of dirt, or of scale, hinders the metal from filling the hole 
in a proper manner. If the length projecting through the 
plate before closing up be insufficient, the head will be too 
thin, and will be liable to curl up round the edge. On the 
other hand, if an excess of length be left projecting, a collar 
will be formed round the head. This should be allowed to 
remain, as any attempt to cut it away may damage the 
plate. Care should always be taken to avoid any injury to 
the plate when using a riveting-set. 
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48. Essentials of Good Riveting.— In a perfect riveted 

joint the various mechanical points to which we have 
referred must have received due attention, and the metal 
must entirely fill the hole, not only when the rivet is hot, 
but also after cooling. The latter condition is manifestly 
impossible, owing to the lateral contraction which must 
inevitably take place as the metal cools. Probably the 
most perfect joint possible would be one with drilled holes 
in which the rivets were turned and closed quite cold. In 
this case, however, the benefit resulting from longitudinal 
contraction would be lost. This effect is considered in 
Art. 57, in connexion with the strength of riveted joints. 

§ {a) Relative SiiUabiliiy of Various Rivets, — No hard-and- 
fast rule can be made as to the most suitable form of rivet 
for adoption in any particular case, because convenience, 
cost, and appearance have generally to be considered in 
addition to the question of strength. Conical heads are 
chiefly used on the fronts of steam boilers because of 
their neat appearance, but they are not so strong as snap- 
heads, which are very largely used in boiler, girder, and 
general engineering work. For locomotive boiler work 
snap-heads are generally used, but in ship-building practice 
countersunk rivets are largely adopted, their employment 
being essential in the outer plates of a vessel. 

§ (b) Comparative Strength. — So far as comparative 
strength is concerned, there appears to be divergence of 
opinion, but the subjoined table will convey some useftil, 
though not altogether consistent, information on the 
subject. The figures have been calculated from experi- 
ments conducted by Mr. Wildish at Pembroke Dock. 

Table XXXIV. — Relative Values of Rivets, 
I in. dia. in f -in. Plates ; ^ in. dia. in ^-in. Plates. 





X in. Dia. 


1 in. Dia. 


Description of Rivet. 


Frictional 

Resistance 

in Tons. 


Ratio. 


Frictional 

Resistance 

in Tons. 


4 

Ratio. 


Snap-head and tail 

Conical head and pan tail 
Countersunk head and pan tail 
Countersunk head and tail 


6-4 
7-36 

8-55 
9-04 


I'OO 
115 

1*33 
1-41 


472 
4-52 
625 
4 '95 


•704 
•976 
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49, Methods 0( HX7tting.'-%ia) Hand Rivefing.— 

Riveting was formerly done entirely by hand, and the 
operation requires the aid of three men. The rivets are 
hung over a fire by means of a perforated plate, which 
prevents the tails from being overheated. One rivet is 
taken at a time and placed in the hole, the tail being 
kept close up to the plate by one man, with a hammer or 
*' holder up," whilst the two other men form the head by 
hammering down the point, and finishing the work by 
the use of a die, or "snap." A lad is generally 
employed for the purpose of attending'^to the furnace, 
and of keeping the riveters supplied with hot rivets. 
Machine-riveting is now the rule, and hand-riveting 
the exception. 

%{b) Steam Riveters. — ^The older types of machine- 
riveters are driven by steam, acting upon a piston, at "the 
end of which is a plunger, arranged so as to strike a 
sudden blow upon the rivet. Two dies are provided, one 
fitting over the tail and the other over the- point of the 
rivet, so that upon the application of the necessary forte 
the head is formed. Pressure exerted by a steam riveter 
is directly governed by the area of the piston and the 
pressure of the steam admitted. 

§ (c) Mechanical Riveters. — A few steam riveting 
machines still survive, although as a class they were practi- 
cally superseded some time ago, by mechanical riveters, in 
which the hammer is moved backwards and forwards by 
means of a cam or other suitable device, and the machine 
is driven from shafting by means of a belt. This appliance 
is not approved, for high-class work, because pressure 
cannot be varied, and no ready means exists for ascer- 
taining what force is really being exerted. 

§ (flf) Hydraulic Riveters, — ^The two forms- of appiaratus 
above mentioned have been to a large extent displaced by 
the hydraulic riveter, which embodies several important ad- 
vantages. For instance^ pressure may be gradually applied 
to the rivet ; variations of power may be made as required ; 
and the exact force used can always be ascertained. Port- ' 
able forms of the apparatus are made, which can easily be 
handled and taken to almost any part of a structure where 
work has to be done.- This adaptability is highly advan- 
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tageous in constructional ironwork, and it is also deservedly 
popular in the erecting shop. Water pressure is supplied by 
a flexible pipe, and the pressure varies from i,ooo lbs. to 
1,750 lbs. per square inch. Owing to the high pressure 
employed there is always some risk of leakage, and in 
outdoor work during exceptionally cold weather there is a 
possibility that the water may be frozen. Another draw- 
back is to be found in the cost of the machine itself and of 
auxiliaries, such as pumps and accumulators. 

§ (e) Pfteumatic Riveters, — Riveting apparatus worked by 
compressed air constitutes the most recent application of 
power to the needs of the structural engineer. The 
pneumatic riveter, like many other ingenious inventions, 
has been introduced into this country from the United 
States, and it appears to be regarded with a considerable 
amount of fav/)ur, especially so far as the more portable 
forms are concerned. Compressed air is taken from a 
receiver fed by a pump, and is led by means of a flexible 
pipe to the riveting machine, where it acts directly upon 
the piston. The piston-rod is connected with the plunger 
by a series of levers arranged in such a manner that 
the force exerted upon the ram continually increases 
during the progress of each stroke. As the pressure 
required is only from 100 lbs. to 125 lbs. per square 
inch, very little inconvenience is experienced in connexion 
with the conveyance of air from the receiver to the 
machine, and there can be no risk of freezing. An 
advantage is to be found in the fact that the first cost of 
the apparatus is considerably less than that of a hydraulic 
riveter. 

^(^f) Advantages of Machine Riveting, — Riveting by the aid 
of mechanical power is in every way preferable to hand 
riveting. One reason, which appeals very forcibly to 
contractors, is to be found in the fact that rivets costing 
3/. 155. per thousand when put in by hand, will not average 
more than about 17s. 6d. when the work is done by a 
machine. Another advantage of much more importance is 
to be found in the greater strength of machine riveting, 
resulting from the heavier and more equable pressure 
obtained. The plates are therefore brought into closer con- 
tact, arid a larger quantity of the metal composing the rivet 
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shank is pressed into the hole. Further, if it should be 
thought desirable, the pressure upon the newly-formed rivet 
head may be sustained, so that the plates may be pressed 
together during the cooling of the metal ; consequently, the 
grip of a rivet upon the plates is maintained without the 
risk of drawing apart whilst tlie rivet is still hot. Closely 
riveted plates offer considerable resistance to the penetra- 
tion of moisture which would cause corrosion, and to the 
buckling of plates between the rivets under longitudinal 
compressive stress. Moreover, the friction produced tends 
to relieve the rivets from shearing stress. (Art. 57.) 

§(^) Relative Efficiency of Various Machines, — Experiments 
made by Messrs. Greig and Eyth are indicative of differ- 
ences in the strength and in other characteristics of riveting 
done by various machines. For instance, they show that 
"the plate, especially if soft, is much less injured by 
hydraulic riveting, and that this method has therefore 
a decided advantage where the plate is the weaker part ; 
but that the rivet itself is stronger when put in by the 
steam-riveter, owing probably to the greater compactness 
of the rivet material obtained by the sudden shock." The 
following table embodies the results of some experiments 
as to the relations between pressure applied and the shear- 
ing resistance of the rivets put in by various machines. 

Table XXXV,— Riveting by Various Machines, 
(Steel rivets fin. diameter, \\m. drilled holes.) 



Kind of Machine. 


Pressure on 
Rivet. 


Shearing Resistance 
per sq. in. 


Steam riveter 

Power riveter (light) 

n «> (heavy) 

Hydraulic riveter (portable) 
,, ,, (stationary) 


37 tons. 

31 „ 

52 » 
20 ,, 

39 » 


25 74 tons. 

225 „ 

23 76 „ 

2278 n 
2380 ,, 
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CHAPTER IX. 

RIVETED JOINTS. 

50- Forms of Joints. — There are two primary methods 
of connecting ti^ether bars or plates by means of rivets 
or similar fastenings. The arrangement by which the 
edge of one piece overlaps the edge of anothei: occurs 
in a lap-joint, and the disposition of the pieces -end to 
end is . exemplified iij a bult-joinl. When a lap-Joint is 
made, continuity of the members connected is secured 
by the insertioQ of rivets; .if a butt-joint ia adopted there 
is no direct .continuity, and a. distinct break occurs, which 
is bridged over, so to speak, by super-imposed strips 
of material termed cover-plates or butt-straps. So far as 
actual strength is concerned, there is not much difference 
between the two kinds of joint. ' Lap and butt-joints 
are often made by the aid of bolts, but in describing 
and illustrating the chief varieties of such connexions, 
we shall now only make detailed reference to those in 
which rivets are employed. 
I (a) Lap-joiiils. 



• • 4 



9 ® i 

9 • 



Fii;. 46. Fig. 47. Fig. 48. Fig. 49. 



Fig. 50. 



A sittgk-riveled lap-joint, the simplest form, is illustrated 
in section by fig. 46, and in plan by fig. 47. A double- 
riveted lap-joint is seen in section in fig, 48, and two forms 



of rivet arrangement are indicated by figs. 49 and 50, the. 
foimer joint being c/iain-Hve/e(/,and the latier aig-sag-riveted. 
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 Fig. SJ. 


Fig- S3- 


Fig. 
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Fig. 56. - 



Fig. 51 shows a triple-riveUd lap-joint, and figs. 52 
and 53 illustrate chain and zig-zag riveting respectively. 
It is unnecessary tp illustrate further multiplication of the 
rows of rivets, except for the purpose of directing attention 
to fig. 54, which represents a very good type of lap-joint. 
Lap-joints with rivets of uneven pitch are shown in figs. 
SS and 56. 

i {b) Butl-joints. 
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Turning now to butt-joints, we see in fig. 57 the section 
of a joint with one cover- plate, and in fig. 58 one with two 
cover-plates. Fig. 59 is the plan of a single-riveted butt- 
joint. Sections of double-riveted butt-joints with one and 
with two cover- plates are given in figs. 60 and 61. A 
double-riveted butt-joint, with chain riveting, is shown in 
plan by fig. 62, and a similar joint, zig-zag-riveted, in fig. 63. 
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Fig. 64. Fig 65. Fig. 66. Fig. 67. Fig. 68. 

Triple-riveted butt-joints with one and with two cover- 
plates are shown sectionally in figs. 64 and 65, and plans 
of chain and zig-zag riveting are to be seen in figs. 66 
and 67. A useful and efficient type of butt-joint with 
two cover-plates is illustrated in fig. 68. 



Fig. 69. 
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Fig. 70. 
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Z'/^. 71. 



/^;;§^. 72. 



Butt-joints with rivets of uneven pitch are shown in 
plan by the figures following : — Fig. 69 is a double-riveted 
butt-joint, which would be chain-riveted if alternate rivets 
were not omitted from the outer rows ; fig. 70 is a double- 
riveted butt-joint on the zig-zag system, but with the 
omission of alternate rivets in the outer rows ; figs. 7 1 
and 72 are examples of similar treatment as applied to 
triple-riveted butt-joints. It should be remarked that in 
all ordinary joints, whether butt or lap, the rivets are 
usually arranged in rows of even pitch. 

51. Modes of Failure. — Riveted joints may fail in one 
of several ways, of which typical examples will now he 
brought to notice. 

§ (a) Shearing of the Rivet — The rivet in fig. 73 is in 
single-shearj a condition attaching to all lap-joints and to 
butt-joints with one cover-plate; the rivet in fig. 74 is 
in double-shear^ a state associated with butt-joints having 
two cover-plates; fig. 75 is the plan of a sheared joint. 
A very natural and logical inference is that the strength 
of a rivet in double-shear ought to be exactly twice the 
strength of a similar rivet in single-shear. This actually 
happens in the case of steel rivets, but the resistance 
of iron rivets in double-shear is only 75 more than that 
of rivets in single-shear. Further, the strength of rivets, 
whether in single or in double-shear, is never the same 



(,8 

as that posessed by the niateriaX before beiug fixed iit 
the joint. Thus in all calculations relative to riveted 
joints, the sheaciog strength of rivet material should be 
qualified by co-eftidents indicating the ratios of loss due to 
specific conditions existing in joints. Numerous experi- 
ments have been made for the purpose of ascertaining the 
chief differences of resistance, and the classification of 
results so obtained aft'ords v.iiuable guidance to the 
structural engineer. Complicated calculations may, there- 
fore, be avoided in ordinary practice, as the average 
shearing strength of iron or steel in joints can be taken 
directly from tables, some of which are given later. For 
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rig. 73. Fis: 74. Fig. 75. Fig. 76. Fig. 77. Fig. 78. 

our present purpose, the shearing strength per square 
inch of rivet section may be represented by the symbol/,, 
and if the rivet area in inclies be expressed as (dia.^ x 7854) 
or ■■j8$4d', then the force P required to fracture the joint 
by shearing of the rivet can be indicated thus : 

P-lSstd-/. (,) 

§ {b) Cms/ling of the /"/nfe.^ Supposing the rivet to be 
stronger than the plate, the latter may be crushed, as 
shown by fig. 76. Resistance to strain under such a con- 
dition is higher than the ordinary crushing strength of the 
material, because the part most severely strained is sup- 
ported by the surrounding metal, and by the head and taii 
of the rivet. The value of the crushing strength in tliis 
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position is known as the result 
of experiments, and as the resist- 
ance of any portion AB of the 
circumference (fig. 79) equals the 
resolved portion CD perpendicular 
to the line of strain, the force 
required to cause failure is : — 

p=/.rf/ (2) 

where P nrr the force, /, =:= crush- 
ing strength, d = diameter of 
the rivet, and / = thickness of 
^^' 79- ^he plate. 

§ (c) Bursting of the Plate, — A joint may fail by rupture 
of the plate, as in fig. 77, which is equivalent to breakage 
along the line BE (fig. 79). In this case the part FHJG 
opposing the rivet can be likened to a continuous girder 
under a uniform load, and the ultimate strength equals 
t/iitkmss of plate x depth BE^ H- length FG x (a). 





jk •* 





Fig, 8ou 



Fig. 81. 



Fig, 82 



-  •» V ^' ^ 



The value of the constant (a) has not been the subject 
of much inquiry, but as it is stated by Fairbairn to be 
38 tons for wrought iron, the value for steel should be at 
least 48 tons. 

Denote FG by dy BE by h^ thickness of plate by /, and 
the force P, required to rupture the plate at its end will 
be found by the equation : 

» - ■- . Jt "" •. -•■•I'. -- 
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§ (J) Tearing of the Plate, — One or both of the plates 
may be torn along the line of rivets, as indicated in figs. 
78, 80, and 81. 

Referring to fig. 79, if the line of fracture be KL, and if 
the thickness of the plate be /, the effective sectional area 
for the resistance of strain will be (KF + GL) x /. 

Let ^ = (KF + GL), and / = tensile strength of the plate, 
then the force necessary to cause fracture is thus ex- 
pressed : — 

P=/^^ (4) 

§ (e) Shearing of the Plate, — It is possible, though not 

probable, that a rivet might force its way out of a joint 

in the manner shown by fig. 82. If such an effect were 

produced, the required force would be measured thus : 

P=//(FH + GJ) (5) 

§ (/) Examples : — With the object of demonstrating the 
practical value of the above-mentioned rules, an example 
of each will now be calculated upon the following basis : — 

Lap-joint, as fig. 46, with one rivet i in. dia. ; steel bars 
3 in. wide by '5 in. thick ; distance of hole from end of bar 
( = h)y I in. ; P = force required to cause failure of joint ; 
/i = 22 tons ; f = 40 tons ; f = ^o tons ; « = 48 tons. 

Tons. 
Ex.— I. P=7854^y, =7854x1x22 =i7'27 

2. P=f^t = 40 X I X '5 =20'00 



»> 



yf 



P= — X a = X 48 =2400 



yy 



4. P=:/e/Z> =30 X '5 (l + l) ^30*00 

5. P=/^(FH + GJ)=22x-s(i-s+r5)— 33'oo 

Similar calculations may be applied to every form of 
lap and butt-joint. 

In practice only three modes of failure need be taken 
into account — viz., (1), (2), and (4). The others (3) and 
(5) are interesting, but seldom, if ever, occur, 

It should be i aid that, if conditions occur such as those 
in Example 4, the metal is liable to unequal strain, and for 
this reason it might be thought safer to takeyj at a some- 
what lower value than 30 tons, if it were not for the fact 
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that the factor of safety is always applied to tl;e rivet 
strength, which is by far the weaker element of the joint. 




rig. 8:. 




F/g. 84 

§ (g) Itijury to Lap-joints by bending. — Single- riveted laj- 
joints are apt to bend considerably when under severe strej s, 
as in fig. 83, and tearing of the plates is liable to occur, partly 
because of bending along the line of holes, and partly 
owing to the establishment of unequal compressive stress. 
In addition to the endurance of shear, the rivets have 
to withstand an excessive aniount of tensile strain in 
consequence of bending, and it is quite possible their 
heads may thereby be forced off. Less harm is done to 
double-riveted lap-joints in this way, as they are very 
slightly bent. (See fig. 84.) 

52. Theoretical Proportions of Joints.— Summing 

up what has been said above with regard to riveted joints, 
we see that failure of the rivet by shearing is affected by its 
diameter ; that failure by crushing of the plate is affected 
by the diameter of the rivet and the thickness of the plate ; 
and that failure by tearing of the plate is affected by its 
thickness and its width on each side of the rivet. The 
various form of resistance should be as nearly as possible 
equal, for excess of strength in one direction can only be 
obtained by diminution of strength in another direction. 
Thus, if the number of rivets be increased, the resistance to 

H 
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shearing will be higher, but the effective plate area along 
the line of rivets must be diminished ; if the number of 
rivets be diminished, the strength of the plate will be in- 
creased, but resistance to shearing must be less ; if again 
the number of rivets be reduced and their diameter be 
increased, resistance both to shearing and to tearing will be 
augmented, but resistance to crushing will be at the same 
time reduced. Therefore, the necessity for striking a happy 
medium becomes evident. 

Correct theoretical proportions between the diameter of 
the rivet and the thickness of the plate may be ascertained 
by comparing modes of failure (i) and (2) ; and the pitch or 
distance of the rivets one from another can be found by 
comparing modes (2) and (4) or modes (i) and (4) (Art. 51). 
Thereby equations can be evolved by the aid of which the 
theoretical proportions of riveted joints are easily calculated. 

§ (a) Rules for Theoretical Proportions, — In all rules of 
the kind now given the following s3^mbols are used as 
required: — 

d = diameter of the rivet in inches, 

/ = thickness of the plate in inches, 

p = transverse pitch in inches, 

ff = tensile strength per sq. in. of net plate area between 
the holes, 

/, = shearing strength per sq. in. of rivet section, 

/. = crushing strength per sq. in. of the plate, 

c = co-eflficient for double shear = 175 for iron, 

== 2 'GO for steel. 

Assuming failure to result from simultaneous shearing 
of the rivet and crushing of the plate, the equation of modes 
(i)and (2) shows that 7854^=/.^?'/. Consequently, the 
subjoined rules are deducible : — 

To determine the diameter of a rivet in single shear in 
a single or double riveted joint : — 

d=-{^ (6). 

.7854/. 

To find the ratio between rivet diameter and thickness 

of the plate, 

^--/l - (7). 

f 7854/ 
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To determine the diameter of a rivet in double shear 
in a single or double riveted joint : — 

d= II—- (8). 

To find the ratio between diameter and thickness : — 

Supposing failure to result from simultaneous crushing 
and tearing of the plate, we find, by comparing modes (2) 
and (4) (Art. 51), that /^t = f^tb ; and as b is equivalent 
to (p — d)y the following rules are obtained : — 

To determine the pitch in single riveted joints in single 

or in double shear : — . /.4/, . , . 

P = '^-d (10). 

Jt 

To find the ratio between pitch and rivet diameter : — 

1=^ •; (■■). 

To determine the pitch in double riveted joints in sint^le 
or in double shear : — /• _l /• 

p=y'"^j<d (12). 

Jt 
To find the ratio between pitch and rivet diameter: — 

^='^^-+/' -•• (13). 

^ ft 

The pitch of rivets may be calculated in another way by 

assuming failure to result from simultaneous shearing of 

one rivet and tearing of the plate area between two holes. 

Then, by comparison pf modes (i) and (4), 7854^^', =ft^b. 

As b = (p — ^), we have the rules : — 

To determine the pitch in single riveted joints in single 

''''''— ^ = 17854^/.+/'^ (14). 

To determine the pitch in single riveted joints in double 
shear : — 

rx7854^/.+A^^ (15). 

To determine the pitch in double riveted joints in single 
shear:- 2 x •7854^/.-f//rf (16). 

H 2 
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To determine the pitch in double riveted joints in double 
shear :— ^ ^ rx 2 x 78 54^^!/:+/,/^ ^ ^ ^^ 

None of the foregoing equations can be applied without 
the aid of data obtained by experiment, and even then the 
calculated proportions are not always strictly suitable for 
adoption in actual practice. These are matters which will 
be discussed in the next chapter. In the meantime, the 
following approximate values are given of the strength of 
iron and steel under the various conditions involved. 

Table XXXVL — Strength of Materials in Riveted Joints 

in tons per square inch,* 



Description of Joint. 


Tensile 

Strength. 

ft 


Shearing 
Strength. 


Crushing 
Strength. 




Iron. Steel. 


Iron. 

19 

19 
18 

19 


Steel. 

22 

23 
21 

23 


Iron. 

3^ 
30 
30 
40 


Steel. 


Single riveted lap 

Don ble riveted lap 

Single riveted butt ( I cover) 

Double riveted butt (2 covers) 


iS 

19 
18 

19 


30 
29 

30 
29 


40 
40 
40 
50 



* (Iron plates punched, sicel plates drilled.) 

§ (b) Examples : — 

Ex. 6. — Find the diameter of a rivet in single shear in a 
single riveted lap-joint, of ^-in. iron plate : —  
Hy Rule 6 :— 



d = 



fJ __ 30 X -5 



7854/. 7854x19 ^ 

Ex. 7. — Find the rivet diameter in a similar joint, of |-in. 
steel plate : — 
By Rule 6 :— 



d=: 



7854/ 78S4X22-'*'Si in, 
Ex. 8. — Find the pitch for a single riveted lap-joint, in |-in. 



iron plate ; rivet diameter = say, i in. (example 6) :— 
By Rule 10 : — 

^ ./ct./i , 30+18 

p = — -7 — d = — o - X I = 206 in. 
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By Rule 14: — 

■7854d^/A/.id 7854 x 19 + 18 x -5 
P = j^ = j^^^ = 2658 in. 

Ex. 9. — Find the pitch for a similar joint, in steel plate 
rivet diameter = 1*15 (example 7) : — 

By Rule 10 : — 

p = — -rr " — X I • 1 5 = 2 '68 m. 

^ U 30 ^ 

By Rule 14 : — 

7854^-/ -i-//^/ 
p^ U 

(7854 X 1-152 X22) + (30X -5 X 1-15) . 

_-. __ 2-67^ in. 

30 X '5 *^ 

S3. Practical Strength of Joints. —The practical, 

as distinguished from the theoretical, proportions of riveted 
joints vary according to the class of work for which they 
are intended. We have already seen that the theoretical 
efficiency of a joint is calculated upon the shearing strength 
of the rivet, the tensile strength of the plate, and the 
crushing strength of the plate. The strength of an iron or 
steel rivet when in the joint is not necessarily the same as. 
that exhibited by a bar of the material, or by a rivet before 
it has been fixed in place. Similarly, the unit strength of 
iron and steel plate differs according as the plate is (i) 
unperforated, (2) perforated but not riveted, (3) per- 
forated and riveted, and (4) according to differences of 
mechanical treatment in the acts of perforation and 
riveting. Our business is now to find the strength of 
rivets and plates when actually in the joint, by comparison 
of existing records ; and to deduce some simple standard 
which may be applied to the necessities of everyday work. 
So many variations are possible in the quality of material, 
and in the mode of mechanical treatment, that no one can 
be surprised if somewhat conflicting testimony appears to 
be furnished by the labours of experimentalists. This state 
of things is accentuated by the fact that no standard basis 
of procedure has been established, and the significance of 
ascertained results is thereby considerably discounted. If, 
however, information from various sources be collected 
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together, data will be found for the calculation of fairly 
reliable averages. 

Speaking in general terms it may be said that the shear- 
ing strength of iron and steel rivets is about 75 per cent, 
of their tensile strength. The mode of perforation adopted 
affects the practical strength of rivets in the joint. The 
tensile strength of rivets may suffer reduction in conse- 
quence of heating and working ; thus a diminution of 
strength to the extent of 12 per cent, frequently occurs in 
the case of iron rivets, and of 24 per cent, in that of steel. 
On the other hand, if the rivets be carefully heated, and 
worked at a comparatively low temperature, their tensile 
strength should not be diminished, and may even be 
increased by the effect of mechanical treatment. 

54. Strength of Rivets in the Jpint.— §(«) Shearing 

Strength, — Commencing with the shearing strength of 
rivets, considerable divergencies are noticeable in recorded 
results, some of which are summarised by a joint process 
of analysis and condensation in the tables following. 

Table XXXVII . — Shearing Strength of Iron Rivets in the 
Joints in Tons per Square Inch of Rivet Area, 



Mode of Kiveting. 



I 



Holes. 



Single Shear 
Joints. 



Avtbor!t3*. 



•0 
d 

X 






Denny 



»» 



Greig&Eylh 
Kirkaldy ... 
Knight 

Malrtell ... 
Stoney 

>» ••• 

j» ••" 

Average... 



17-87 
17 '92 




18-79 



17-89 



•3 
t 



19" 30 
19 35 



19-31 



V 





d 


• 


*i 


• 

•0 


C1 


.•3 


»0Q 


u 

e 




1^ 


.a1 


9 
Pi 


CO JJ 




CO ^ 

• mm 




^ 


P>^ 


^ 



19-301 

i8;o 
18-43 



18-43 
1792 — 

i8-6oj — 18-60 

19-36 — 



— >9'54i — 



18-28 



18-67 



ig-2C; — 

— 18-28 
18-84 18*84 
19-35 — 

i8-97'i8-5i 



19-36 

19-54 
19-20 






V 

(/> 

19-30 
1 8; 70 



17-92 



19-35 
19*21 



17*92 



19-00 
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According to Table XXXVII., no great difference exists 
in the shearing strength of iron rivets closed by hand, 
steam, or hydraulic power. Steam riveting appears in 
an unfavourable light, and curiously enough, partly owing to 
the inclusion in the table of results given by Greig & Eyth, 
whom we have previously quoted as having expressed the 
general opinion that "the rivet itself is stronger when put 
in by the steam riveter" (Art. 49 §^). Of course, it must be 
borne in mind that riveting for experimental work is more 
carefully performed than it would be in the ordinarj' way.. 
Therefore, unless tests are made for the specific purpose of 
ascertaining the relative values of various modes of riveting, 
it is "not clear that any very marked differences will be 
^videnced^ so far as shearing strength is concerned. With 



Table XXXVII I , — Shearing Strength of Steel Rivets in the 
Joint ^ in Tons per Square Inch of Rivet Area, 











• 

ft 












v.S 




Mode of Riveting. 


Holes. 


Single Shear 
Joints. 


Doubl 
ear Jo 












A 












C/3 


Authority. 












d 


d 


• 


2 *i 




1 


1 

CO 


1 


1 




Single 
Riveted La 


1 

^ Double 
Riveted La 


Single 
Riveted Bu 


Simple & Dou 
Riveted Bu 


Denny 






23 95 


_-— . 






23 95 


»» 


22 45 




— 


22 45 










22*45 


Greig & Eyth 




25 • 74 


2^29 


23-71 




— 


— 




23*71 


"»f 








— 


25 62 


25 62 








>» 




— 


— 


23 67 




23 67 


— 






>j 


. — 






22-72 






—^ 


22 72 


24-93* 


Kennedy- ... 


22 • 02 


— 


— 


22 02 


— 


22 02 






- - 


»> 


24 -Sc 






24*80 






24*80 




_ .- 


>> 


 •  


 


21 33 


2133 


— 


— 


21*33 




— 


Kiikaldy ...1 — 


— — 


— 


23 -20 


23 -20 








1 








26*00 




26*00 




- - 


>j 












— 


— 


— 


24-60 


Maitell ... 










24- 10 




24- 10 






»» 




— 


— 


24-25 


— 




24 -25 






Average . . . 


23 09 


25 7422-31 23-21 


24- 73 


23*62 24-09 


22 72 


23 • 92 



* Double riveted butt. 
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regard to methods of perforation and their influence upon 
shear, a slight advantage is presented by punched over 
drilled holes, unless the " arrises," or sharp edges, of the 
latter be scraped or slightly countersunk. 

As for the form of the joint, the results are fairly pro- 
portionate, except in the case of single-riveted butt joints. 

Turning to steel rivets, we find in Table XXXVIII. that 
the relative effects of the three modes of riveting are not very 
clearly demonstrated, but in other respects the averages 
are more correctly proportionate than those observed in the 
previous table. It is probable that the approximate values 
in Table XXXIX. should not be exceeded in calculations 
of the shearing strength of iron and steel rivets in joints. 

Table XXXIX, — Approximate Shearing Strength of Iron and 
Steel Rivets in Joints j per Square Inch of Rivet Area. 



Form of Joint. 


Iron. 


Steel. 


Single Shear. 










Single-riveted lap joiDt, punched hoks 


191 


tons 


23 tons 


„ „ ,. drilled 


>> 


18 


j» 


22 ,, 


Double ,, ,, ,, punched 


j> 


19 


j> 


24 5, 


,, „ „ ,, drilled 


>» 


18 


>» 


23 .» 


Singlc-rivetcd butt „ punched 


> J 


18 


J J 


22 „ 


,1 n ,, M drilled 


>> ' 


17 


>» 


21 ,, 


Double ,, ,, ,, punched 


»> 


19 


»> 


24 n 


Double Shear. 










Double-riveled butt-joint, punched 


»» 


19 


5 J 


24 ,. 


„ „ „ „ drilled 


»> 


18 


}f 


23 M 



§ (b) Tensile Strength, — Rivets are always subjected to 
tensile stress caused by contraction of the metal in the act 
of cooling, and when the rivets are of considerable length the 
heads are sometimes drawn off. As contraction ought to be 
proportionate to length, it is not perfectly clear why failure 
should result in this way ; but the most likely explanation is 
that tension may be concentrated beneath the head, where 
heat is less rapidly dissipated than in other parts. Again, 
rivets are subjected to tensile stress when a lap-joint becomes 
bent, and when employed in details of structural work so 
that they have to support weights. It would neyer be s^fe to 
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take the tensile strength of the material as representing the 
actual resistance in any of these cases, for the true measure 
must be the strength of the weakest part. Data for the 
establishment of this measure are very scarce, but Stoney 
says that in some experiments made by him, with |-in. 
iron rivets in punched holes, the heads flew off with an 
average pull of 7 tons per rivet, or 12*32 tons per square 
inch of rivet area, and he adopts a factor of safety of 5 for 
this class of work in girders. If rivets be used for sup- 
porting weights, care should always be taken to make the 
heads of adequate proportions. Countersunk heads are 
particularly unsuitable, as they are liable to be drawn 
through the holes by a pressure less than that required to 
fracture th^ rivets themselves. 

55. Strength of Plates in the Joint— Some ex- 
periments made by Stoney for the Royal Irish Academy 
upon iron plates illustrate in a striking manner the differ- 
ences of tensile strength exhibited by unperforated, per- 
forated,' and riveted perforated plates. Samples taken 
from the same plate were perforated, and in some of them 
hot dummy rivets were inserted and closed up. Eacli 
sample was 8 in. wide, -| in. thick, and perforated with five 
holes *S2 in. diameter. Compared with a test specimen of 
the solid plate the variations of tensile strength were as 
follows : — 

Table XL, — Tensile Strength of variously treated Plates per 
Square Inch of Net Section {Stoney), 



Condition of Plate. 



Unperforated plate 

Punched plate, without rivets 
Drilled plate „ „ 

Punched plate, with rivets . . . 
Drilled plate „ „ . . . 



Tons per sq. in. 



24*0 
22*1 
23-8 
2516 

28-84 



The increased strength of the riveted plates may be 
attributed to one or more of three causes : (i) to the con- 
traction of the rivets, causing friction on the metal around 
the holes ; (2) to the annealing effect of the hot rivets on 
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the plate ; and (3) to the suppression of elongation under 
longitudinal stress. Whatever be the correct explanation, 
the effect itself is important to the structural engineer. 

§ (a) Iron Plates. — ^The tensile strength x)f iron plates in 
the joint is more fully shown by a collection of data in 
Table XLI. : — 

Table XLI. — Tensile Strength of Perforated Iron Plates in 
Various Joints^ in Tons per Square Inch of Net Sections. 





Hole*. 


• 






Original 
Plate 
(calcu- 
lated.) 




Form of Joint. 


i*anch- 
ed. 


Drilled. 


Authority. 


Single-riveted lap ... 


17-55 


— 25-7 


Fairburn. 




17-96 


— : 250 


Ilendiy. 




17-16 


— 21 '4 


Master Mechanics' Asso. 




22*30 




26-7 


Stoney. 






19-39 


21-9 


>» 




i6-8o 




22-2 


Greig& Eyth. 






19-75 


22-2 


»» >> 


Double-riveted lap ,.. 


23-50 




257 


Fairbairn. 




25 '57 




220 


Kirkaldy. 


. 


i6'35 


— - 


187- 


Baston & Andersoiiv ' • 


. • • 


I2'0S 


— : 


21-4 


Knight. :: 


- 




21 17 ; 23-3 


Greig&E>th. 


Single-covered butt ... 


24-07 


— 25-7 


Fairbairn. 


- - - - 


1995 




22-0 


Marteir. 






18-07 


22-2 


Greig & Eyth. 


Double-covered butt... 


21-44 


— 


25-7 


Fairbairn. ... .. 


, 


19-37 




22-4 


Kirkaldy. 




— 


2065 


22'2 


Greig & Eyth. 




17*52 


— 


19*4 


Knight. 


Average ... 


19-4 


19-8 


2293 


. . 



From this table we find that strength is influenced by the 
form of joint as well as by the mode of perforation. Un- 
fortunately, experimental evidence on these points is by no 
means of uniform character, and it is absolutely essential 
that allowance must be made for some preponderating 
results if reliable averages are to be deduced. We see that 
tenacity is more reduced by punching than by drilling, but 
as some high entries in the first column are not balanced 
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by corresponding figures in the second, the real difference 
of tenacity is not fairly represented by the general averages 
of the two columns. The same trouble arises when the 
respective values of various kinds of joint are sought, and 
allowance must again be made for the fragmentary nature 
of existing records, but the figures stated in Table XLII. 
may safely be adopted when calculating the strength of iron 
plates in the joint. 

Table XLIL — Approximate Tensile Strength of Iron Plates in 
JointSy per Square Inch of Net Section. 



Form of Joint. 


Tons per sq. in. 


Tunched. 


Diilled. 


Single-riveted lap 

Double „ ,, 

Single-covered butt 

Double „ ,, 


i8 

19 
18 

19 


19 

20 

19 

20 



§ {b) Steel Plates. — Turning to record^ bearing upon the 
tensile strength of steel plates in the joint, we find it more 
easy to arrive at satisfactory conclusions, because investiga- 
tion has been conducted in a more complete and therefore 
more intelligible manner. 

Table XLIIL contains some general data furnished by 
well-known experimentalists, and it will be seen that a 
very marked difference occurs between the tensile strength 
of punched and drilled plates in the joint. Even omitting 
from consideration i-in. plates, which exhibit exceptionally 
low results, punched plates have an average tensile strength 
of only about 29 tons as against about 32 tons in the case 
of drilled plates, the average unit-strength of the former 
being approximately equal to that of the unperforated plate, 
whilst the average unit-strength of the latter exceeds that 
of the original plate by about 3 tons. Examination of the 
Board of Trade tests in the same table will show that this 
excess of strength diminishes as the thickness of the plate is 
increased. We have already noticed a similar effect in per- 
forated but unriveted plates (Arts. 42, § a and 44), 
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Table XLllL— Tensile Strength of Perforated Steel Plates in 
Various foints in Tons per Square Inch of Net Section, 





Thick. 

ne&s. 




Holes. 




Original 
Plate. 




Form of Joii.t. 


Punch- 
ed. 


Punch- 
ed and 
Anueal- 


Drilled. 


Authoiity. 








ed. 








Single-iiveled 


in. 








lap 


e 






3273 


2971 


Kenne ly. 




i 




— 


3073 


27-18 


)i 


Double - riveted 














Lip (zig-zag)... 


a 






33-16 


29-97 


»» 


>» >» 


i 


— 


- — 


30-68 


28-46 


u 


j> >» 


ft 


2917 


— 




291 


Kirkaldy, 




ITT 


2599 






28-4 


») 


Triple ,, (chain) 


i 


— 


— 


35*96 


31-6 


Board of Tra 'c. 




4 




— 


3418 


29*1 


i» 




'i 




— 


30-46 


286 


»» 




I 


— 




2944 


277 


)) 




i 


3J 7 


329 




299 


)> 




h 


30*3 


32 -2 




28-0 


ft 




J 


27-8 


306 




287 


M 




I 


I3"6 


29-5 




28-4 


}| 


DouMe- rivtted 














butt with two 












covers (zig-zag) 








30*1 28 24 


Kennedy. 


Double - riveted 








t 




butt wiih two 














covers (chain). 


1 I 


26 '42 


31*3 


2S7 
3161 


27 
2875 


Martell. 


Average ... 





The standards given in Table XLIV. below may be 
adopted as applicable to the tensile strength, in the joint, 
of steel plates up to jj in. thick :- - 

Table XLIV. — Approximate Tensile Strength of Steel Plates 
in Joints per Square Inch of Net Section. 



Form of Joint. 



Tons per square inch. 



Single-riveted lap 

Double „ „ 

Single „ butt-one cover 
Double ,. butt-two covers 



n 



Drilled. 


Punched. 


30 


27 


29 


27 


30 


27 


29 


27 
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The above figures are based upon a strength of 28 tons 
in the original plate, and allowance is made in the case of 
double-riveted joints with drilled holes, for smaller incre- 
ments of strength, because less benefit is derived from 
perforation, owing to the greater pitch of the rivets. 
The excess in the tenacity of the plate probably disappears 
entirely when the pitch of the rivets is as wide as that 
generally adopted in building work. 

56. Bearing; Pressure. — Another matter for con- 
sideration is the effect produced upon plates of iron and 
steel by the bearing pressure of rivets. When joints are 
tested to the breaking point, the bearing pressure per square 
inch does not as a rule exceed : — 

'^o tons for iron 1 • • 1 • 
'^ .. 1 h m smgle shear. 

40 „ „ steel J ^ 

^ " " ^ I I in double shear. 
50 „ „ steel J 

If these pressures be exceeded, it is believed that tenacity' 
of the plate becomes reduced, and although rupture ma}^ 
not actually ensue the plate will probably be crippled. 
Heavy bearing pressure has also a detrimental effect on the 
resistance of rivets to shearing stress, and there is every 
reason for fixing a limit beyond which strain should not be 
permitted. It is quite possible that excessive bearing 
pressure may unintentionally be produced as the result of 
insufficient care in calculating the rivet area necessary for 
resisting the stress resulting from a given load. That this 
contingency may very easily arise will be evident if wc 
remember that the plate resists bearing pressure in propor- 
tion to the diameter of the rivet x thickness of the plate 
(fl^ X /), whilst the rivet resists shearing stress proportion- 
ately to its area (a). Therefore, if the thickness of the 
plate be constant, the shearing area of the rivet may 
increase much more rapidly than does the bearing area. 

§ (a) Kxamples. — To illustrate this point, let us take 
three examples of iron rivets and plates of lap-joints, in 
which the following rules are used : — • 

Shearing area of rivet = a .... (18) 

„ strength „ = a x/^ (19) 

Bearing area „ =z dxt .... (20) 

Crushing strength of plate = (dxt)x/g .... (21) 
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Ex. lo. — Rivet | inch diameter in joint of |-inch plate. 
Shearing area =(*5)^ ^ 7854= •i963sq.in. 
Shearing strength ==-1963x19 =372 tons. 

. Bearing area = -5 x -25 = '125 sq. in. 

Crushing strength = '125 x 30 =375 tons. 

Here the proportion is quite safe and fairly in accordance 
with theory. 

Ex. II. — Rivet I inch diameter in J-inch plate. 

Shearing area ==('75)^ x 7854 = -44 sq. in. 
Shearing strength = '44 x 19 = 8*36 tons. 

Bearing area = 75 x -25 = •i875sq.in. 

Crushing strength = '1875 x 30 = 5*62 tons. 

Here a considerable deficiency of strength is observable 
in the plate as compared with the rivet. 

Ex. 12. — Rivet I inch diameter in |-inch plate. 

Shearing area =(i)^ x 7854= 7854sq.in. 
Shearing strength = 7854x19 =14*92 tons. 

Bearing area =1 x '25 = '25. 

Crushing strength = -25 x 30 = 7*5 tons. 

Again a deficiency is to be seen, but much more marked 
in degree. 

In these examples the ultimate shearing and crushing 
strengths are used, but in practice a factor of safety of from 
4 to 5 would, of course, be adopted. 

57. Friction of Plates in the Joint.— Friction 

of the plates in a joint, due to contraction of the rivets in 
cooling, is often sufficient to prevent any slip so long as the 
stress is no greater than that prevailing under ordinary 
working conditions. Thus the rivets may be entirely 
exempt from shearing stress, and the plates may be 
similarly protected from crushing, or crippling, pressure. 
Even if this state of things exists, the inference must not 
be drawn that the ultimate strength of a joint is in any 
way increased thereb3\ The extent to which friction is 
caused depends upon the nature of the material, the shape 
of the rivet, and the mode of riveting. 

§ {a) Co-efficient of Friction, — Widely varying state- 
ments are made by different writers as to the value of 
the co-efficient of friction (/) for iron and steel plates. 

Experiments by Morin upon plane surfaces for some 
time in contact, showed that (/) = 0*19. 
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Clarky in his work on the Britannia and Conway 
Tubular Bridges takes the value of (/) as o'i8. Others 
suggest that (/)=*25, and Stoney states that in some ex- 
periments made by him upon ordinary steel plates pressing 
on each other, the co-efficient proved to be as high as 0*6. 
This estimate is not representative of the value of (/) for 
clean and absolutely plane surfaces of the metal, and ought 
only to be accepted on the basis : — (/)=o-6 for (steel -1- 
inequalities + dirt). The contractile strength of hand- 
made iron rivets was stated in Art. 54 §^, as 12*32 tons 
per square in., and the frictional resistance of steel plates 
held together by iron rivets ought not to be greater than 
06 X 1 2 "32 = 7 '39 tons per square in. of rivet section. 

§ (b) Friction as Determined by Visible Slip. — In order 
that the above computation may be compared with ascer- 
tained results, we subjoin Table XLV., in which all records 
are expressed in uniform terms of tons per square inch of 
rivet area. 

From this table the following approximate conclusions 
may apparently be drawn : — 

(i.) That the average frictional resistance of riveted 
joints is about 8*8 tons per square inch, both for iron and 
for steel ; 

(2.) That the ratio of hand to machine riveting is as i : 2*4 ; 

(3.) That the ratio of single to double riveting is as i : 1*9 ; 

(4.) That if the value of |-in. rivets per square inch of 
area=:i ; then the values of J in. and i in. rivets are 0*9 
and 07s respectively. 

(5.) That differently-shaped rivet heads do not affect 
frictional resistance to a very serious degree. 

§ (c) Slipping Loads for Various Forms of Riveting. — 
Further experiments are needed for the complete es- 
tablishment of a basis from which the friction of joints 
may be correctly calculated. In the meantime, it is pro- 
bable that fairly accurate calculations may be made by the 
use of co-efficients obtained by slightly modifying the 
ratios mentioned above. Table XLVI. has been calcu- 
lated by taking the value of a |-in. rivet at 5*6 tons per 
square in., as derived from the experiments of Professor 
Kennedy, and the following modified ratios have been 
adopted for different modes of treatment, viz. : — 
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Table XLV, — Friction of Riveted Joints^ as judged by 
Visible Slip^ in Tons per Square Inch of Rivet Area, 



Authority 
nnd MetaL 


Diame- 
ter of 
Rivet. 


Mode of 
Riveting. 


Form of 
Riveting. 


Shape of Rivet Head. 


Hand. 


Ma- 
chine. 

— 


Single. 


Double. 


Snap. 


Conical. 


Counter- 
sunk. 


Iron, 
Clark 
Reed 


i in. 
1 in. 

I in. 

>» 


— 


9 '3 

io'6 
II-3 

9'4 

7*2 

8-9 
5*4 


IO'6 

7*2 


" 3 
8-9 


94 ' 

5-4 


Average... 


'" 


— 


— 




8 8 


8-9 


lo-i 


7*4 



Stiel, 
Keniledy 

Reed 

WiMi.h 

Kennedy 

Reed 

WiL'ish 



Average.. 



} in. 

a 

>» 
}« 
I* 

I in. 

»» 

>t 
)) 
>» 



5'6 ; — 

7*2 ! — 
— 15-9 



5-6 



40 

5*4 



— I 4'0 
114 ' — 



5*5 I3'6 4*8 



7*2 

159 
9-0 

10-8 
8-0 

10 7 

IO-2 
127 

5-4 

11*4 

75 
6*9 

63 
81 

9*3 
ii'i 

9*4 



90 
107 



81 



lO'S 



I0'2 



6*9 



93 



S'S 



93 



80 



12.7 



6^3 

irj 
9-5 



Table XLVI. — Calculated Slipping Loads of Riveted Joints^ 
in Tons per Square Inch of Rivet Area. 





Sinele Riveting. , Double Riveting. 


Diameter of Rivet. 


Hand. 


Machine. 


Hand. 


Machine. 


£ in. 
Jin. 
I in. 


5'^o 
448 

392 


II '2 

896 

7 84 


7-28 
5-82 
5-09 


1456 
11*64 
10- 18 
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single-riveting : double-riveting as i : 1-3 ; hand-riveting : 
machine-riveting as i ; 2; rivet diameter | in. =; I'o, 
^ in. = o*8, I in. = 07. 

For the purpose of comparison we append Table XLVII., 
which is based on one by Professor Kennedy; the only 
alteration being that the values are stated in tons per 
square in., instead of in tons per rivet. 

Table XLVIL — Approximate Loads at which a Riveted Joint 
will commence to slip visibly ^ in Tons per Square Inch 
of Rivet Area (^Kennedy). 



Diameter of Rivet. 


Single Riveting. 


Double Riveting. 


Hand. 


Machine. 


Hand. 


Machine. 


1 in. 
I ill. 


5-6 
40 




6'8t6 7*9 
5-4 


15-9 
lo'i to 127 



With regard to all experimental data, it must be re- 
marked that slipping of the plates is assumed to be visible, 
and Professor Kennedy suggests it is possible that the ob- 
served slip may consist almost wholly of shear. Friction is 
never taken into account when the proportions of a joint 
are being calculated, as it may disappear entirely in process 
of time, owing to vibration and other causes. 

58. Practical Proportions of Joints.— Engineers 

are quite agreed upon the desirability of conforming as 
far as possible to the theoretical proportions of riveted 
joints, but it is neither practicable nor convenient for the 
correct standard to be approached when the plates exceed 
I in. in thickness. Theory provides for equality of 
resistance both in the plate and in the rivet. Every 
one is ready to admit that if, whilst possessing sufficient 
strength for their work, the rivets fail more readily than the 
plates, plate material rtiust be wasted ; and, conversely, that 
if the plates fail more readily than the rivets, a waste of 
rivet material must be involved. But no one has succeeded, 
or is likely to succeed, in making practice invariably coincide 
with theory. Taking rivet diameter, for instance, we find 
by Rule 6, that with i in. plate the theoretical diameter 
of the rivet might be 2 in. for iron, and 2*3 in. for steel, in 

I 
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a single riveted lap-joint. Rivets of either diameter would 
be much too large for manipulation, unless by the aid of 
exceptionally powerful machinery. In boiler-making shops 
rivets are seldom used of more than i J in. or i-J in. diameter, 
and in structural work there is a very obvious objection to 
the employment of unnecessarily large rivets. Looking at 
the theoretical pitch of the same joint, we find by Rule lo, 
that the rivets might be spaced 5*3 in. and 5-36 in., centre 
to centre, for iron and steel respectively. Neither of these 
pitches would be inappropriate for girder work, but the 
boiler-maker would object to them most strongly because 
of the impossibility of making steam-tight joints with the 
rivets so far apart. Therefore, in using thick plates it is 
undesirable to conform with theoretical rules. Hence we 
find that various standards have grown up, each being 
suited for its particular purpose, and only conforming to 
theory so far as may be convenient. 

§ («) Proportions for Boilermaking. — So far as boiler- 
making is concerned; the practice is to adopt the widest 
pitch consistent with tightness, to use rivets of the greatest 
practicable diameter, and to proportion the strength of the 
shell plates to the weaker element of the joint, whether 
it be represented by the rivet or the plate. Again, when 
single and double riveting both occur in the same boiler, 
one diameter is adopted for all the rivets for reasoiis of 
practical expediency. . 

Table XLVIIL — Boilerhiakers^ Proportions for Riveted Iron 

Joints (Wilson). 
All measurements are in inches. 



Thickness 
of 


Single Riveted 
Lap-joints. 


Double-Riveted Lap. 
joints and Butt-joinU, 
with Single Covtr-plate. 


Double Riveted Butt-joints 
« ith Double Cover-plate^ 


Plate. 


Rivet 
Dia. 


Pitch. 


Rivet Dia. 


Pitch. 

• 


Rivet 
Dia. 


Pitch. 


Thickness 

of 

Cover. 


h 
i 


I 
I 


1 1 
ll 
li 

2i 
2i 
2* 

2i 


8 

7 

'8 
1 
I 


li 

2i 
.2i 

3i 
3* 

3^ 


1 

i 

I 
I 


2\ 
2| 

3 

3i 

36 
4 


i 
i 

p 
re 



RIVETED JOINTS. 



119 



Table XLIX, — Boilermaker^ Proporliofis for Riveled 
Sted Joints {Board of Trade), 

All measarements are in inches. 



• - 

1 




Single Riveted Lap- 
joints. 


- 

Double Riveted Lap- 
joint. 


Double Riveted Butt- 
joint. Two Cover-plates. 


c 


Rivet 
Dia. 


Pitch. 


Lap. 


Rivet 
Dia. 


Pitch. 


Lap. 


Rivet 
Dia. 


Pitch. 


Cover 
Plate. 


3 

7 

8" 

I 


1 3 

To 

ItV 




2tV 

3tV 
3r"y 


1 

li 


2H 
2i 

341 
3if 


3i 
4i 

5tV 
6i 


li 


2il 

3i 

34f 

4S 

4i-J 


6i 

9§ 
Hi 

12^ 



§ {b) Proportions for Ship-btdlding, — Special requirements 
are evidenced in connection with ship-building, and in this 
industry the practical proportions of riveted joints differ 
from those adopted in boiler-making and in structural w^ork. 

• a -•-*■-• - 

Table L. — Shipbuilders^ Proportions for Riveted Iroit Joints, 
All measurements are in inches. Rivet pitch = 4 diameters. 



Breadth of Lap. 



Thickness 

of 

Plates. 



Rivet 
Diameter. 



i 



7 
9 



Single 
Riveting. 



Double Riveting. 



Zig-zag. 



i 


1 j 


2| 


i 


2^ 


3S 


1 


2i 


4 


 H 




4'V 


i 


— 


4l 


I 




Srs 


li 




6k 



Chain. 



3 

3l 

4i 

4f 

Sk 

6 

6J 



Breadth and Thickness 
of Cover Plates. 



Double 
Riveting. 



6i 

9 

9l 

i2i 



X i 

X ^ 

X 

X 



I 



Trii>le 
Riveting. 



9i X iV 
Iii X iV 
I3i X ^,\ 
I4i X I 
16 X i 
18^ XI 
20i X II. 
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§ (c) Proportions /or Structural Work, — In joints for struc- 
tural work theory is similarly disregarded. The pitch of 
the rivets may be decided with the especial object of 
avoiding undue reduction in the strength of the plates 
by numerous transverse perforations, and reasons of a 
practical nature may fix | in. as the most suitable rivet 
diameter. Assuming these conditions, a sufficient number 
of rivets must be put in to withstand the stress coming 
upon the joint, and their arrangement will necessarily be 
governed by the available width of the plates. Several 
rows of rivets may therefore be required, and the number 
of rows (w) may be determined by the following rule : — 

n=^ L^ (22) 

A joint of this kind may very easily constitute a violation 
of theory, but it should be judged more by the criterion of 
suitability for the duty required than by abstract principles. 

Rivets used in girder work may be of the sizes adopted 
by boiler-makers, but |-in. rivets are more largely employed 
than any others. As joints in structural ironwork have 
not to be caulked, the distance of rivets from centre to 
centre may be from 3 to 6 inches, but it should not exceed 
six diameters of the rivet, or about ten times the thickness 
of the plate, otherwise moisture will be apt to penetrate 
between the plates, causing rust, which may ultimately 
damage the joint. Thus, the maximum spacing for rivets 
of ordinary sizes should be: — | in. (dia.), (p) = 3 in. ; | in. 
(dia.), (/) = si in. ; | in. (dia.), (p) = 4^ in. ; | in. (dia.), (p) 
= 5 j in. ; I in. (dia.), (p) = 6 in. In builders' ironwork these 
pitches are frequently exceeded, possibly with a view to 
economy, but the practice should always be discouraged. 
Very olten it will be necessary that the pitch should be very 
much less than the maximum spacing mentioned above. 

§ (d) Notes OH Different Forms 0/ Joints, — Single-riveted 
joints are weakened by unequal tension, which produces 
a loss of efficiency estimated at about 20 per cent, of the 
net section. Double-riveted joints are therefore in every 
way to be recommended, and they may be either chain - 
riveted, as fig. 62, or zig-zag-riveted, as fig. 6^ (Art. 50). In 
the former style of riveting the distance between the two rows 
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of rivets is generally two diameters of the rivet ; but if the 
holes are punched, it is safer to make the distance equal to 
2 1 diameters, to allow for the zones of weakness caused by 
this method of perforation. Fracture in zig-zag-riveted 
joints often takes place, as shown in fig. 80, and the stress 
along this zig-zag line is composed of tensile and shearing 
stress. Professor Kennedy states that in order to ensure a 
straight fracture the net metal measured zig-zag should be 
from 30 to 35 per cent, in excess of that measured 
straight across. Consequently the diagonal pitch becomes 

2d f . 

i^-^3 ^''^ 

where p = the straight pitch and d = diameter of the rivet 
hole. When setting out a double-riveted zig-zag joint, the 
best course is to settle the ordinary pitch, and then to 
determine from it the distance between the rows of rivets. 

§ {e) Proportions of Cover-plates, — We have seen that the 
bending of a joint causes injury owing to the establishment 
of unequal stress, and as experience shows that a similar 
result follows the bending of a single-riveted butt-joint with 
one cover-plate, an advantage is gained by making the cover 
somewhat thicker than the plates connected thereby. Pro- 
fessor Unwin recommends that single cover-plates should be 
i\ times the thickness of the plate, and the Boarcf of Trade 
rules state that single butt-straps with punched holes must 
be one-eighth thicker than the plates they cover. When 
two cover-plates are fitted, no necessity exists for additional 
strength, and the covers need not be more than five-eighths 
or two-thirds the thickness of the plates covered. 

§ (/) Margin and Lap of Plates. — Care always has to be 
taken to leave a sufficient margin outside the rivets of any 
joint, otherwise the plate might burst, as shown in fig. 77, 
Ample safety is ensured by making the margin equal to the 
rivet diameter, except in butt-joints with double covers, and 
in joints where the plate edges are roughly trimmed and 
the holes are punched. In such cases as these the margin 
should be equal to at least i\ times the rivet diameter. The 
extent to which one plate should overlap another, or to 
which two plates should be covered by butt-straps, is 
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governed partly by the margin necessary, partly bj' the 
number of rows of rivets, and partly by the distances 
necessary between the rows. As narrow bars offer less 
resistance to splitting action than plates, the lap may 
advantageously be increased to li diameters of the rivet. 

59. Practical and Theoretical Efficiency of Riveted 

Joints. — Some fifty or sixty years ago there was a popular 
superstition to the effect that riveted joints were actually 
stronger than the solid plate. No person of average intelli- 
gence would venture to express such an opinion in the 
present day, but very likely there are many who do not 
fully recognise the serious diminution of strength which 
must take place if a plate is cut, and the two pieces are then 
joined by riveting. The theoretical percentage of the 
strength of a perforated plate at any joint as compared 
with the original plate is : 

i> — d 
Theoretical percentage=<- x 100 (24) 



where p = pitch of rivets, d = diameter of rivets, both in 
inches. 

When determined by the shearing resistance of the rivet, 
the theoretical percentage must depend upon the effective 
shearing area and strength of the rivet, considered in 
connexion with the section and strength of the original 
plate. 

If exact theoretical proportions be taken, so that the 
stresses tending to rupture or cripple the plate and to shear 
the rivet are exactly balanced, the theoretical efficiency 
of the joint will be about 61 per cent. But proportions 
such as these are not always observed, and the steel 
joint taken in Art. 51, § /, is probably as near an 
approach to theory as one is likely to meet with in ordinary 
architectural practice. Calculating the theoretical per- 
centage by Rule 24 above, and taking the value of / 
as the width of the plate, we get the following result : — 

p — (i 3 — I 

— -— X 100 = X 100 == 66'6 per cent. 

P 3 ^ 
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In this particular joint, however, the rivet is by far the 
weaker element, and the greater strength of the plate does 
not -make the joint any stronger. Turning back to the 
examples in Art. 51, § /, we find the resistance of this 
joint to different modes of failure to be by no means 
uniform. We will assume the strength of the original plate 
to have been 28 tons per square inch, 2 tons having been 
added in Table XXXVI. to represent increase of strength 
due to drilling. 

Therefore the strength of the original plate was (3 x '5) 
X 28 =42 tons. Judging the strength of the joint by this 
standard, we obtain the following percentages of calculated 
practical strength : — 

Shearing strength of rivet, 17*27 tons = 41 per cent. 
Crushing ,, plate, 2000 ,, =47 ,, 

Bursting ,, „ 24*00 „ =57 ,, 

Tearing „ ,, 30-00 ,, =71 ,, 

Shearing ,, „ 33*00 „ ^78 „ 

If the same kind of joint were made in iron, original 
strength, say, (3 x '5) x 22 = 33 tons, the figures would be 
as follows : — 

Shearing strength of rivet, 14*9 tons = 45 per cent. 
Crushing ,, plate, 15*0 ,, =45 „ 

Bursting „ „ 19*0 „ =57 ,, 

Tearing „ ,, 18*0 ,, := 54 „ 

Shearing „ ,, 28*5 ,, =86 ,, 

By these figures we see that the iron joint would have 
a higher percentage of efficiency, though it would actually 
be weaker than, and cost quite as much as, a steel joint. In 
either case the lowest value must be taken as representing 
calculated efficiency. 

§ (a) Estimates of Practical Efficiency. — Table LI. contains 
the approximated values of iron and steel joints as com- 
pared with the solid plate. The figures are derived 
from the experiments w^hich have been quoted and from 
other sources, but it should be remarked that in order 
to make a safe estimate of the efficiency of joints such as 
are used in structural work, fully 15 per cent, ought to 
be deducted from the percentages stated in the table. 
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Table LI, — Approximate Values of Iron and Steel Riveted 
Joints. ( Original Solid Plate= i oo. ) 



Form of Join f. 



>» 






Iron. 



Lap-joint, single riveted, punched ... 
,, ,, drilled 

double ,, punched ... 
,, ,, drilled 

Eutt-joint, one cover, -single riveted 
,, „ double „ 
two covers, single riveted 

double ,, punched 
,, ,, drilled 



?! 






inched ( 
rilled.. \ 



45 
50 

60 

45 
60 

55 

66 



Sleel. 



Thickness of Plat**. 



} in. tn h in. to :J in. lo 



§in. 



50 

55 

75 
80 



75 
80 



rf in. 



45 

50 
70 

75 



70 

75 



in. 



40 
45 

6s 



65 
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CHAPTER X. 



BOLTS AND OTHER FASTENINGS. 

60. Bolts and Screws. — Any of the joints which have 
already been considered might be made by means of bohs 
or screws, and some of them could be made by pins. Bolts 
and screws are apt to become loosened under the influence 
of vibration, however tightly they may have been fixed at 
the outset. Therefore, friction of the plates or bars cannot 
be relied upon as an element of resistance in anv joint 
formed in this manner. Simple pins are still more likely to 
become loose, whether they have been driven into tapered 
or parallel holes ; and although they may be formed so that 
they cannot actually fall out, effective contractile force is 
never exercised upon the pieces of metal joined together. 
Further, the shank of a bolt, screw, or pin cannot fill the 
hole in a plate so completely as a rivet which has been 
closed up by hammering, or by heavy pressure in a riveting 
machine. Finally, the cost of a bolt or screw is always 
more than that of a rivet, and some pins are more costly 
than bolts or screws. Nevertheless, there are often occa- 
sions when it would be inconvenient or impracticable to use 
rivets in the making of joints, sometimes because access for 
riveting would be difficult, and at others because the length 
and diameter necessary far exceed the dimensions up to 
which rivets can be worked. Very frequently a bolt or a 
pin is intended to act as a pivot upon which one or more 
of the parts connected may move freely in a plane per- 
pendicular to the axis of the bolt or pin. Here, of course, 
no other kind of fastening w^ould be so suitable. (Art. 39.) 
§ (a) Forms of Bolts and Nuts : — 








a 



d 
Fig^ 85. 





g 
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Bolts are made in various shapes, some of which are 
shown in fig. 85. The heads may be square, hexagonal, 
cylindrical, or spherical, the shanks may be cylindrical 
throughout, or with square necks, and the nuts may be 
square or hexagonal. The threads are usually triangular, 
as a, fig. 86, but when great strength is necessary, square 
threads, as by are used. 

For girder and similar work choice 
is practically limited to square and 
hexagonal- shaped heads and nuts (a and 
by fig. 85); countersunk bolts {e and /) 
are occasionally necessary when pro- 
jecting heads would not be permissible ; 
and bolts with cylindrical or with 
spherical heads (c and d) are chiefly 
used in timber, being usually made 
with square necks so that the bolt 
shall be prevented fi'om turning whilst the nut is being 
tightened up. The countersunk head with projecting 
square (^) is useful when a slotted head would be too light; 
the square end is screwed down by a spanner and after- 
wards cut oif. 

§ (3) Set-screws : — 




a 




Fig. 86. 





CD 




.; 



Fig. 87. 





Set-screws, or tap-bolts, as they are indifferently termed, 
(hy jy kj /, fig. 87), are similar in construction to ordinary 
bolts, except that no nuts are provided. Stud-bolts are 
often required (as w), so that nuts may be fitted at each 
end ; and sometimes, for the sake of strength, the end of a 
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bolt is upset, or enlarged before S9rewing, as n. As a 
general rule, bolts are passed through plain or ** clearing- 
holes," but in the case of set-screws it is necessary that at 
least one of the holes should be threaded by means of a 
screw- tap. This forms what is known as a ** tapping-hole/' 

§ (c) Application of Bolts and Screws : — 




F/;^. 88. 




Fig. 89. 




Fig. 90. 




Fig. 91. 




Fig, 92, 




^f'S^- 93- 




Fig. 94. 



cu 



jRi 



TTt 



^f'^' 95- 



Various modes of applying bolts and set-screws are 
represented in figs. 88 to 95. The perverse tendency 
exhibited by nuts to unscrew themselves is the cause of a 
good deal of unnecessary worry to engineers. Many efforts 
have been made to overcome the difficulty in a more refined 
manner than is represented by simply driving a pin through 
the nut, as shown in plan and elevation by fig. 96, but no 
entirely satisfactory solution has yet been achieved. 
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§ (d) Methods of Securing Nuts : — 

The familiar device of placing two nuts at the end of a 
bolt, and of screwing one down upon the other, as in fig. 97, 
until jamming friction results, is not sufficiently reliable ; 






Fig. 96. 



Fig^ 97- 



Fig. 98. 



many so-called lock-nuts are sold which in reality are only 
jam-nuts, as fig. 98, and no one has hitherto succeeded in 
placing a genuine lock-nut upon the market. 

§ (e) Tuntbuckles and Sivivels : — 



cgf ^ ^^ ym a( l» m ym 



Fig. 99. 



Fisr. 100. 



aiz 




Cffll^ 







Fig. loi. 



Fig. 102. 



Fig. 99 shows two tie-rods, with right and left-hand 
threads, screwed into an open drop-forged turnbuckle; 
fig. 100 shows two tie- rods connected by means of a turn- 
buckle; fig. loi illustrates an equivalent arrangement, 
where the connector is termed a pipe-swivel ; and fig. 102 
shows how a tie-rod may be joined to a tubular bar. 
' § (/) JV/titworth's Standard for Bolts and Nuts.— The 
application of Whitworth^s standard to the dimensions 
of bolts and nuts is practically universal in the present day. 
Table Lll. gives the standard dimensions for some of 
the most useful sizes of bolts and nuts. Bolts with square 
threads have one-half the number of threads used in the 
triangular form. 
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Table LIL — Whitworth's Standard for Bolts and Nuts : 
Hexagonal Heads and NutSy Triangular Threads. 



Dia. of Bolt. 


Dia. at 

Bottom of 

Thread. 


Number of 
Threads 
per inch. 


Thickness 
of Head. 


Thickness 
of Nut. 


Breadth 

across the 

flats. 


Inches. 


Inches. 


Threads. 


Inches. 


Inches. 


Inches. 


i 


•186 


20 


•219 


I 


'525 


3 


•295 


16 


•328 


8 

¥ 


709 


i 


•393 


12 


•437 


\ 


•919 


¥ 


•508 


II 


•547 


5 
¥ 


i-ioi 


1 


•622 


10 


•656 


» 


1*301 


7 


733 


9 


•766 


t 

¥ 


1479 


I 


•840 


8 


•875 


I 


1-670 


li 


I "067 


7 


I -094 


H 


2-048 


I^ 


1-286 


6 


1*312 


H 


2*413 


2 


171S 


A\ 


175 


2 


3-149 


2\ 


1-930 


4 


1-969 


2i 


3 '546 


2k 


2180 


4 


2-187 


2i- 


3894 


3 


2-634 


3^ 


2-625 


3 


4-531 



§ (s) Tensile Stress, — Bolts and screws in joints are liable 
to experience both tensile and shearing stress, but pins 
are only exposed to shearing stress. Taking tensile stress 
first, we note that the resistance of a bolt is governed (a) 
by the tenacity of the material, and (b) by the effective 
diameter. The effective diameter of a screwed bolt is 
measured at the bottom of the thread, and this dimension 
can always be ascertained from a table of the Whitworth 
standard dimensions. 

§ (/f) Excessive Strain sometimes Caused. — Whilst speak- 
ing of tensile stress it may be just as well to remark that 
excessive strain is very often put upon bolts by the con- 
scientious but mistaken efforts of workmen, who are apt to 
think their labours will be more satisfactorily performed 
if the nuts are screwed down as tightly as possible. This 
practice is very likely to lead to accidents, as, owing to the 
enormous mechanical advantage derivable from the screw, 
the strain put upon the bolt may easily be higher than the 
elastic limit of the material. We have already pointed out 
the injurious effects of straining material beyond the elastic 
limit, and there is no reason for the imposition of such a 
strain, for when the parts which have to be connected by bolts 



130 STRUCTURAL IRON AND STEEL. 

are brought into close contact, and when the nuts have a 
uniform solid bearing against the surface, no further screw- 
ing down is necessary. (Art. 24, § f.) 

§ U ) ^^fi Loads for Bolts, — ^We can now proceed to find 
the safe load which may be imposed on a bolt, let us say, 
of I in. diameter. By Table LII. the effective diameter 
=^•840 in., the area being : 

(•84o3x •7854)=-5S42 square inch. 

Taking the tensile strength of iron at 22 tons per square 
inch, and of steel at 28 tons per square inch, the ultimate 
strength of a i-inch bolt would be 12*2 tons in iron and 
1 5 "5 tons in steel. Using 6 as the factor of safety, the work- 
ing loads would be about 2 tons for iron and 2 '5 tons for 
steel, or about ^'6 and 4-5 tons per square inch respectively. 

The safe load for iron bolts not subject to much strain is 
frequently taken at 4 tons per square inch of the effective 
section; for bolts moderately tightened, at 2 tons per square 
inch ; and for bolts liable to severe strain after being very 
tightly screwed up, at i^ tons per square inch. 

Long bolts, or tie-rods, should always have the screwed 
ends enlarged as w, fig. 87, so that the effective area shall 
be equal to the area of the unscrewed portion. 

In well-proportioned bolts the resistance of the threads 
is fully equal to that of the bolt itself. During some 
experiments made by Brunei it was observed that most 
of the bolts broke at the base of the screwed part, and 
others, with enlarged ends, broke in the shank. 

§ (k) Shearing Stress. — Shearing stress experienced by a 
bolt, when tightly fixed in position, is to be calculated 
exactly as in the case of a rivet, but if the bolt be not held 
tightly in its place, stress will not be uniformly distributed 
throughout the sectional area, and its incidence will be 
governed by the laws which relate to the distribution of 
shearing stress in beams (Chapter XVI.). The maximum 
intensity of shearing stress will then be greatest at the 
neutral axis, diminishing to zero at the top and bottom 
of the section. 

For example, if F = shearing action of the load at a 
given cross-section of the bolt, and a = area of the cross- 
section, at which it acts, then 

mean intensity = F-i- ^ 
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The ratio in which maximum intensity exceeds mean 
intensity in the case of a circular bolt or pin is as 4 : 3, 
and if the bolt is loosely fitted at first, or is likely to 
become so afterwards, its sectional area must be increased 
in this proportion. If shearing stress should be imposed 
upon the screwed part of a bolt, the effective, and not the 
nominal, diameter must be used in calculations. 

61. Pins and Cotters.— A pin may be either a cylin- 
drical or tapered peg, as fig. 103 ; or it may be a short 




Fig. log. 



shaft, a portion of which serves as a journal, permitting 
movement of the parts joined in one direction. 

Pins of this kind are shown in figs. 104 and 105, each 
having a nut which cannot be screwed beyond the shoulder 
formed on the shank ; consequently no lateral pressure 
can be exerted upon the parts connected, Each nut is 
secured by a small pin. 
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§ (a) Types of Pins.— A colter, key, or wedge is merely 
a tapered rectangular piece of iron or steel, as illustrated 
in fig. io6. Sometimes the cotter is simply driven into 
slots cut ia the two parts to be joined, as in fig. 107 ; at 
other times one or two gibs (fig. 108) are used in con- 
junction with a cotter, as io fig, 109. 





Fig. 110 shows tlic plan and elevation of two cotters 
employed for connecting the ends of tie-bars in the roof of 
St. David's Station, Exeter, and fig. iii illustrates the use 
of cotters and gibs as applied to the ends of tie-bars in 
the roof of Lime-street Station, Liverpool. 
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One of the chief advantages presented by cotters is that 
they furnish ready means for the regulation of the tension 
of tie-bolts, tie-bars, and other members. The angle of 
obliquity in a cotter should not exceed 4 deg., which is the 
angle of repose of iron upon iron, allowing for the accidental 
presence of oil or grease upon the surfaces. 

§ {b) Distribution of Shearing Stress. — So long as they 
are perfectly tight in their seats, pins and cotters are 
exposed to equally distributed shearing stress, but if they 
become loosened, stress will be distributed in accordance with 
the laws relating to shearing stress in beams (Chap. XVI.). 
The ratio in which maximum intensity exceeds mean inten- 
sity in the case of a rectangular key or wedge is as 3:2, 
and if the contingency of slackness has to be encountered, 
due provision must be made by proportionately increasing 
the sectional area of the cotter. 

62. Eye-bars. — When rods or bars are connected by 
bolts or pins, their ends are usually swelled out into the 
form of an eye, and it is 
important that the eyes 
should be of sufficient strength 
to resist the stress to which 
they will necessarily be ex- 
posed. 

§ (a) Modes of Failure. — 
A joint into which such a bar 
enters may fail in one of 
the six different directions 
stated below, the various 
parts of the eye being indi- 
cated in fig. 112 :— 

1. By shearing or bending of the bolt (B). 

2. By crushing of the link at (C). 

3. By bursting of the link along the line (C D). 

4. By tearing of the link along the line (E F). 

5. By tearing of the link through the shoulders (G G). 

6. By shearing of the link along the lines (H J, K L). 
With the exception of No. 5, all these alternative methods 

of failure are very similar to those described in Art 51, 
as applying to ordinary riveted joints ; but the conditions 
here are so different as regards the distribution of stress, 

K 




P 



Fig. 112. 
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that the most suitable proportions for the eye cannot be 
determined theoretically. 

§ (b) General Proportions, — Theoretical proportions are 
not observed in practice with regard to bars which are 
slotted for the reception of cotters. The simple practical 
nile is to make the sectional area of the bar, taken through 
the slot in the head, from 25 to 50 per cent, greater than the 
sectional area of the bar itself. The following minimum 
dimensions are recommended by Mr. Berkley for wrought- 
iron flat eye-bars : — 

Width of bar . . . . (A) = i 'oo 

Diameter of bolt . . (B) = 75 

Depth beyond bolt hole . . (CD) = i '00 
Net width across^ eye (EH + KF) = i'25 
Radius of shoulders . . (G, G) = I'oo 
Radius of neck curves . . (M, M) = 1*50 
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Fig. 114. 

Fig. 113 illustrates the eye in the middle of a tie-rod, and 
fig. 114 shows one method of connecting an eye-bar of thig 
kind* 
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63. Various Bolts and Fastenings.— Although not 

used for making joints between metal and metal, there are 
some other forms of bolts and fastenings which may now 
be conveniently mentioned. 






=+= 



^ 




Fig. 1 1 5. Fig, 1 1 6. Fig, 117. 
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Lag, or coach screws (lig. 115), are very useful for attach- 
ing metal plates to timber. Expansion bolts, single and 
double (figs. 116 and 117), are for fastening ironwork to wall 
or other smooth surfaces. It is only necessary to have a 
hole of sufficient diameter and depth for the insertion of 
the bolt end. Expansion takes place when the head of the 
bolt is turned, and the bolt can be removed at any time 
without injury to the surface of the work. Fig. 118 shows 
a Lewis bolt which also is secured by expansion. 
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Fig. 120. 



Fig, 12 7. 



Fig. 119 is a representation of the ordinary rag bolt much 
used for the attachment of ironwork to stone, concrete, &c. 
Foundation bolts are sometimes made with a cotter through 
the end supporting the foundation plate or washer (fig. 120), 
and at other times the end is screwed and fitted with a nut 
(fig. 121). In either case the end should be swelled, so that 
the diameter is i \ times that of the remainder of the bolt. 

K 2 
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64. Anchors* — The illustrations in fig. 122 show some 
of the principal varieties of fastenings used for securing 
iron and steel girders to walls, and for fulfilling other 
structural requirements. 
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Fig. 122. 



Ashlar anchors («, ti) are uselul ties for ashlar facing or 
for tying lining walls to main walls when air spaces are 
required. Beam anchors (c) are for securing girders, which 
rest upon walls, but angle brackets are frequently used for 
the same purpose. Hook angles {d) are intended for tying a 
wall to timber beams parallel to the wall, and are also used 
to tie front, side, and interior walls. Drive anchors {e) are 
useful for connecting new brick linings to old walls. 
Wedge anchors (/) are used for making tight the junction 
between new and old work, when new foundation walls 
have been formed in an old building. A coping anchor is 
shown in g, and the V-shaped anchor (//) is used for holding 
girders, the loop being passed through a hole drilled near 
the end of the web. 
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CHAPTER XI. 

THE STRENGTH OF COLUMNS* 

65. Definition. — From the academic point of view there 
are clearly-marked distinctions between columns, pilasters, 
stanchions, and struts. These differences are more im- 
portant in decorative than in constructive design. Art, on the 
one hand, seeks variety of form for its due expression, 
whilst Science, on the other, strives to disregard merely 
external considerations, and to look at the essential nature 
of things. Thus, from the strictly scientific standpoint, all 
members of a structure, which are exposed to direct com- 
pressive stresses in the direction of their lengths, belong 
to one class, and are subject to one set uf rules. Such 
members may either be isolated or built into walls, or they 
may be parts of a framed structure. They may be of 
different shapes and be called by different names, but their 
inherent properties are not thereby affected except in degree. 
For these reasons we shall include in this elementary 
consideration of columns all members designed for the 
resistance of pressure applied in the direction of their 
length, and the rules which will be given for the calculation 
of strength must be understood to apply generally to all 
such parts employed in structural work. 

66. Cast-iron Columns. — Columns of cast iron are 
very extensively used in all kinds of buildings, and will 
doubtless continue to be used. Circumstances which 
conduce ver}^ much to their popularity are the readiness 
with which they may be procured, and their general 
I adaptability to the exigencies of architectural design. The 

* last-named recommendation is to some extent a demerit, 

for the reason that it tends to encourage the employment 
of unprotected ironwork in a manner entirely contrary to 
the most approved methods of fireproof construction. In 
cast-iron columns there is always present the risk of flaws, 
blow-holes, irregularities of section, and variations of 
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quality due to foundry' operations. Such contingencies are 
inseparable from the use of cast-iron columns, and a further 
drawback is to be found in the fact that brackets and lugs, 
which are cast on for the connexion of other members, may 
break off without warning of any kind. Failures of cast- 
iron columns are usually attended by serious damage, 
and the utmost vigilance should be exercised with regard to 
all details connected with their design, manufacture, and 
erection. (Arts. 13, §r, and 79, §a.) 

§ (a) Resistance to High Temperatures, — The statement is 
frequently made that cast iron is more readily affected than 
wrought iron or steel by the action of fire. It appears, 
however, to be the fact that unprotected cast iron is prac- 
tically unharmed by temperatures as high as 1,300 or 1,500 
deg. Fahr., whilst, as shown in Art. 35, § r, wrought iron and 
steel suffer serious injury at temperatures 1,000 deg. Fahr. 
In support of these statements we may cite the experiments 
of Professor Bauschinger, of Munich ; of the New York 
Committee representing the Architectural League of New 
York, the American Society of Mechanical Engineers, and 
the Tariff Association of New York ; and, further, the official 
reports upon the fires in the Ames Building in Boston, 
U.S.A., and in the Home Building, Pittsburg. It should 
never be forgotten that protection of cast iron is necessary, 
because in most fires the temperature would be much 
greater than any which could be safely endured by 
cast-iron columns. The same remark applies more forcibly 
to wrought iron and steel because of their comparatively 
smaller resistance to heat. 

§ (b) Corrosion. — So far as corrosion is concerned, it is 
generally admitted that cast iron is not affected in the same 
degree as wrought iron and steel, and as the metal is 
always thicker, the proportion of rust to sectional area is 
necessarily smaller. Cast iron is protected by the silicious 
skin received in the sand mould (Art. 14, §r), and the surface 
is comparatively free from rivet and bolt holes, projections 
and joints, which aid the collection of moisture. Moreover, 
the superficial area is always less in a cast-iron column 
than in a wrought-iron column of equal strength, and 
conseiquently there is a smaller surface exposed to corrosive 
influences. These reasons point to the superiority of cast 
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iron; but as a matter of fact the advantage is more 
apparent than real, because if wrought iron and steel are 
reasonably protected, they are very little more susceptible 
than cast iron to corrosion. 

67, Euler's Investigation. — Exhaustive investigation 
has been made by able mathematicians, and notably by 
Euler, v^dth the object of demonstrating the laws which 
govern the strength of coFumns, but the results so achieved 
apply to the ideal, and not to the practical column. 
Consequently, the rules used in practice for determining the 
strength of columns are considerably qualified by empirical 
co-efficients intended to represent the results afforded by 
experimental inquiry. 

Euler assumed the existence of a certain ratio of length 
to diameter below which the material constituting a column 
would be fractured by direct compression, and above which 
it would fail by reason of transverse strain. Euler's theory 
may be thus illustrated : — Assume that a straight column 
of uniform section, and symmetrical as to elasticity, is fixed 
in such a way that when loaded axially it shall be free to 
bend along its entire length. Supposing curvature to be 
produced by the momentary application of a transverse 
force, there will be a bending moment at every section. If 
the load be sufficiently great, the deflection will continue or 
will increase ; whilst if the load be not sufficiently great, 
the column will resume its normal shape. In this assumed 
case the influence of the load is resisted by the elasticity 
and inertia of the column. The modulus of elasticity 
depends upon the nature of the material ; the moment of 
inertia is governed by the form of its cross-section ; and 
both these measurements are qualified by the ratio between 
length and diameter. Euler arrived at the conclusion that 
the strength of a long column would be directly propor- 
tional to the 4th power of its diameter, and inversely 
proportional to the square of its length. His theory, 
therefore, demonstrates the desirability of adopting sections 
in which the moment of inertia is proportionately large. 

68. Hodgkinson'S Experiments, — Hodgkinson's ex- 
periments, conducted in the year 1840, still constitute one 
of our chief sources of knowledge as to the strength of 
columns. Briefly summarised, the following are the con- 
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elusions to be derived from his inquiry. Short columns^ in 
which the height is not greater than four times the diameter, 
are fractured by actual crushing of the material ; sometimes, 
as shown in fig. 123, the end slides off in the form of a 
wedge, the height of which is rather less than 1*5 diameters, 
and when the height is less the sides are split, as in fig. 124. 





Fig. 



123. 



Fig, 124. 



Medium columns, whose length is less than 30 and more 
than 5 diameters, are distinctly affected by bending 
stress, but the weight required to cause fracture in this 
manner is so great, that crushing force becomes manifest, 
and the column yields to the joint action of the two forces. 
Long columns, whose length is more than 30 diameters, 
fail by flexure, and although pressure tends to cause failure 
by vertical compression, the direct breaking weight is far 
below the crushing strength of the material. 

§ (a) Classification of Cohtmns. — Hodgkinson's experi- 
ments also showed the strength of a column to be affected 
by the form of the ends and the manner in which they 
were fixed. He therefore divided columns into three 
main classes : — 

1. With both ends spherical. 

2. With one end spherical and the other end flat. 

3. With both ends flat. 

The relative strengths of these three classes are i, 2, and 
3 respectively, and an example of each type is shown 
'diagrammatically in figs. 125, 126, and 127, where the line 
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of flexure is approximately indicated by dotted lines, and 
the point or points of fracture are sliown by arrows. 



^ 




m 



Fig. 125. Ffg. 126. Fig. 127. 

When flat-ended columns have discs cast upon tlie ends, 
strength depends less upon the presence of the discs than 
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Upon the manner in which they are fixed. If the tops an^ 
bases be faced in the lathe, and the foundations be dresse^ 
off level, the maximum strength will be attained. If fh^ 
column be irregularly fixed, so that the pressure is taken 
diagonally, only one-third of the maximum strength will be 
developed. If the ends be roughly faced by chipping off 
irregularities with a cold chisel, inequalities of the bearing 
surfaces will cause the weight to come upon a few points 
at the ends, which cannot then be truly perpendicular to 
the axis. In such a case strength should not be taken as 
more than two-thirds of the maximum. It is now usual for 
engineers to draw distinctions between columns with round, 
pivoted, hinged, pin, flat, and fixed ends. Within certain 
limits, the value of each of the first four of these types is 
taken as j, and of the last two as 2. 

The properties observed by Hodgkinson apply to pillars 
of wrought iron, steel, and wood, as well as to those of cast 
iron, although strength is governed in each case by the 
nature of the material and other factors. 

§ (b) Hodgkinson' s Formula. — As the general result of 
his investigation, Hodgkinson found that the strength 
of a column depended upon the nature of the material, 
and also that it varied directly as the 3 •6th power of 
its diameter, and inversely as the 17th power of its 
length. Hodgkinson's formula bears a sort of family 
resemblance to that of Euler, and in its simplest form is : 

V = m x:^i2 (1) 

Variations of the rule, and of the value expressed 
by the co-eflficient w, are necessary for computing the 
strength of columns of different forms, and as tables of 
the 3*6th and 17th powers, or alternatively of logarithms, 
are also required, Hodgkinson's formula has never been 
popular, and is very seldom used by engineers. 

69. Gordon's Formula. — Various attempts have been 
made to embody the valuable data obtained by Hodgkinson 
in the form of a simple rule which might be convenient for 
general^use. A formula of .this kind was first suggested by 
Professor Lewis Gordon, and it assumes failure to result 
from a combination of crushing and bending stress. 
Gordon's rules are thus written : — 
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(a) For columns with both ends flat and fixed : 

/S 



P=: 



/\3 



(h) For criliimns with rounded or jointed ends: 

/s 



(2) 



P = 



i+4« 



{if 



(3) 



The following are the significations of the symbols 
used : — 

pi= breaking load of the column in tons. 

S = sectional area of the column in square inches. 

/ = length of the column in inches. 

d^= least diameter of the column in inches. 

/= strength of the material in tons per square inch. 

a=3L constant depending upon the sectional form of the 
column. 

S (a) Coefficients for Various Materiah and Sections, — 
By altering the value of the co-efficients /and a^ Gordon's 
formula may be emploj^ed for calculating the strength of 
cast iron, wrought iron, and steel columns of various 
sections. Table LIV. gives the most generally accepted 
values of the co-efficients /and a used in connexion with 
Gordon's formula : — 

Table LIV, — Values of Co-efficients for GordorCs Rule. 



Section of Column. 


Metal. 


Value 


of/ 


Value of a. 


Round, solid 


Cast iron 


36 tons. 


•CO25 


,, hollow 


>» 


36 




•0025 


Rectangular, solid 


}> 


36 




•002 


,, hollow 


»> 


36 




•002 


Round 


Wrought iron 


16 




•00033 


Rectangular 


>> 


16 




•OCO33 


Rolled Joists and Bars. (Unwin) 


)i 


19 




•con 


Round, solid (Baker) 


Sietl 


30 




•0007 


Rectangular solid „ 


n 


30 




•0004 



In applying Professor Unwin's modification of the rule 
for miscellaneous sections of wrought iron, it should be 
noticed that the diameter to be used is found by taking the 
shortest diameter of a rectangle or triangle circumscribing 
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the section. As the quality of steel ^supplied on ordinary 
building contracts is not usually equal to that demanded in 
important engineering works, it is preferable to calculate 
the strengths of steel columns by the aid of the same 
co-efficients as are employed for wrought iron. In this 
connexion it may be noticed that the values of /adopted 
by the New York Building Department are 80,000 lbs. 
= 35*7 tons for cast iron; and 40,000 lbs. = 17*85 tons 
for both wrought iron and steel. 

70, Rankine*S Formula. — Modifications of the Gordon 
rule, applicable to columns of any section, were recom- 
mended in the following forms b}' the late Professor 
Rankine : — 

(a) For a column fixed at both ends : 

p- ^^ 

c r - 
(Jb) For a column with both ends rounded or jointed : 

x + ^'t- (5) 

c r- 

(r) For a column with one end fixed and the other 

rounded or jointed : 

P=/S 

i%i6/- (6) 

9 rr- 

Here, the symbols and their significations are : — 

P= breaking load of the column in tons. 

S= sectional area of the column in square inches. 

/ z= length of the column in inches. 

r = least radius of gyration of the section in inches. 

/ = strength of the material in lbs. or tons per sq. inch. 

c = a co-efficient depending on the nature of the material. 

Table LV. — Values of Co- efficients for Rankine' s Rule, 



Metal. I Value of/ 



Value of c. 



lbs. tons. 

Cast Iron j 80,000 = 357 

Wrought Iron 36,000=16-07 

Mild Steel , 48,000 = 21*42 



3,200 
36,000 
30,000 
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71. Angular Motion.— In order that the meaning of 
the term radius of gyration may be duly appreciated, some 
acquaintance with fundamental mechanical principles is 

necessary. Gyration, or 
angular motion, is readily 
perceptible when exem- 
plified in a machine or 
structure where a part is, 
and is intended to be, in 
visible motion about a 
given axis. It is not 
quite so easy to realise 
gyration as existing in 
the part of a structure 
which is intended to be 
motionless, and is ap- 
parently so. But the 
same principles apply to 
either case. For instance, 
if part of the axis A B 
(fig. 128) of a column be 
bent so that it assumes the 
position A C, the plane 
a a will rotate about 
the axis A until it 
assumes the direction a^ «i, and incidentally there will 
be induced a state of compression in the fibres at one 
side, and of tension in those at the other. In a vertical 
column, bending under the influence of a load, motion cf 
the plane surface constituting a transverse section must bo 
considered in connexion with its axis. The axis of rotation 
is the imaginary line about which gyration takes place, and 
the centre of gvration is that point where the energy of 
gyration may be conceived to be concentrated. 

§(a) Radius of Gyration. — The radius of gyration is the 
distance of the centre of gyration from the axis of rotation, 
and this radius, denoted by the symbol r, is used as the 
index to an effect producible in a given form of column 
section. Consideration must be given to inertia, that power 
by virtue of which matter tends to resist any change of 
state ; and more particularly to the moment of inertia^ 




Fig, 128. 
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because it is an index to the resistance afforded by a given 
form of column section to a change of state. As action 
and reaction are equal and opposite, so there is a definite 
relation between the radius of gyration and the moment 
of inertia of a given surface. Denoting the moment of 
inertia by I, and the area of the surface by «, the relationship 
is thus expressed : — 

r = J\ and/-^=i (7) 

^ a a 

From this it appears that if the value of I is known, the 

values of r and r^ can readily be ascertained. 

Table LVI. contains rules by which some values of r' 

may be approximately obtained in an expeditious manner. 

Table LVI. — Values of r^ for various Sections (Rankine). 



Form of Section. 


I 


Solid rectangle, least side — h 


Ji*-^ 12 






Thin hollow rectangle, breadth h^ 

height = h 
1 hin hollow square, side h 
Solid cylinder, dia. h 
Thin hollow cylinder, dia. h 


hr h^lb 

12^ h^b 
h"^ 6 

/i2 -f 16 
/^2-r 8 






I-iron, breadth of flanges — b^ joint 
flange area -A, web area -— B 


h^ A 
I2^A+ B 






Channel-iron, depth of flanges + 
\ thickness of web h ; area of 
web — B ; of flanges A 


I12 (A + 


B) 4(A-r 




* — 2? — 4 






/- 


 


7> 
1 

1 

1 


b — - 




c« 




T 1 


t 


■-) 






■^« t 




1 


\ 




1 « 

1 A 

i 
1 

— * 


■* "~ 




 




9 




d 

1 
1 

1 




Fig. 129. 




Fig. 130.. 
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§ (b) Moment of Inertia, — To find the moment of inertia 

of a rectangular surface, such as that represented in fig. 129, 

it is necessary to consider the surface to be made up of an 

infinite series of narrow areas parallel to the axis A B. 

Let / be the thickness of one such area, and x its distance 

from A B. Then its area is b /, and its moment of inertia 

with regard to A B = ^ / ^. The moment of inertia of the 

whole rectangle equals the sum of the moments of the 

infinite series, hence 

bd^ 
l=^btx'=-^ (8) 

If the breadth b and the depth d be expressed in inches, 
the value for I will be found in inch units. 

The moment of inertia in respect of an axis in the position 
and direction A B is said to be the vertical, or greatest, 
moment of inertia. In the rectangle shown in fig. 130 the 
moment of inertia in respect of the axis A B is much smaller, 
and is known as the horizontal, or least, moment of inertia. 
This is the moment which must always be taken when 
calculating the strength of a column, because the axis is 
that about which bending is most likely to occur. 

Table LVIL — Least Moments of Imrtia of various Sections, 



m 

V 


Form. 


Value of I. 


Fig. 

131 
132 

133 
134 
135 

136 

137 
138 

139 

140 
141 


Solid rectangle 
Hollow ,, 
Solid square 
Hollpw square 
T- section 

Simple I-section 

Compound I-section 
Cruciform section 
Channel section 
Solid cylinder 


bd^-^12 

(^^-Vi'^)-f-I2 

b^-{-l2 .  • " 

{bd^-b^{d^-d^^)\ -f 12 

\ b2d^ - [b^2d^ + b.:,2d,} + b^2d-l ) ^s 4- 
bJ^^-2b^d^)^\2 
\^b{d^-di)^2b,{di^d^) -f3 

'7^54^'. . 

7854(^^-^4) 
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Fig. 136. 
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When the actual area of a surface is less than the product 
of its extreme breadth and depth, deduction must be made 
for the area included in these dimensions, which forms no 
part of the metal section. Modifications of the simple 

equation I = -- are also necessary for calculating the value 

of I in the cases of circular and of unequally-formed 
sections. Table LVII. gives equations for the least moments 
of inertia of various sections, illustrated in figs. 131 to 141, 
relative to the axes there shown. 

72. Application of Gordon's and Rankine's Rules. 

— Reverting to rules for calculating the strength of columns, 
we find that neither the Gordon nor the Rankine formula 
expresses experimental data with any marked precision, and 
results given by the two formulas are apt to exhibit con- 
siderable differences. It is not necessaiy to occupy space 
by comparative calculations, as the student can perform 
these at his leisure. The following typical examples are 
simply intended to illustrate the application of the rules. 

Ex. I. — Find the breaking weight of a solid cylindrical 
column of cast iron with fixed ends, length 20 ft, diameter 
6 in. : — 

In Gordon's rule (2): /^ 36 tons, a = '0025, 
S = 28*27, sq. in., /= 240 in.,( --) = 1,600. 

Hence, 

T^ -^6 X 28*27 

P — ^^^ '- ^^= 203*5 t<^"s. 

i-f(*oo25 X 1,600) 

E.r. 2. — Find the breaking weight of a hollow cylindrical 
column of wrought iron with fixed ends, length 10 ft., 
diameter 5 in., thickness of metal, -25 in. : — 

In Gordon's rule (2) : /= 16 tons, a — '00033, 

S = (19-635 -i5-904)=373i, /=i3o in.(^)^=- 576. 

Hence, 

p == '^.^.3.73^ — ^^ ^ e^.j tons. 
i+(-ooo33X576) 
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In Rankine's rule (4):/== 16*07, c= 36,000, / = 14,4^0, 
r2 = 3i25 (Table LVL). 
Hence, 

1 + i4»4oo 



36,000x3-125 

Factors of safety for cast and wrought -iron columns 
were stated in Art. 28, but these may have to be varied 
to suit individual cases. Moreover, it is desirable that 
the factor should be increased as the ratio of length to 
diameter increases. 

73. Computation of Strength from Tables.— If 

existing formulas are not perfect, those who use them have 
at least the satisfaction of knowing what they are doing, so 
far as may be, but when the strength of columns is found 
by the aid of tables, the inquirer frequently exhibits a 
degree of blind confidence which may or may not be justi- 
fied. Tabular records published in this country as to 
experiments on columns are frequently more remarkable 
for antiquity than for applicability to modern requirements, 
and for some unknown reason British iron and steel manu- 
facturers appear to think it desirable that practical details 
as to their goods should be withheld as much as possible. 
Ironfounders seldom, if ever, state dimensions from which 
the strength of their standard columns may be calculated. 
Similarly, steel manufacturers rarely publish more than the 
weights and over-all measurements of rolled sections, and 
even these dimensions are not often given for built-up 
sections. Everything, in fact, is left undone which would 
tend to encourage the use of standard productions, and 
everything is done which tends to confirm engineers in the 
habit of specifying special castings and special sections. In 
the United States a very different practice is followed, and 
the handbooks of engineering firms contain such precise 
details, and are of so comprehensive a nature, that they are 
actually used as text-books in more than one of the leading 
technical colleges. For the purpose of illustrating the mode 
of procedure adopted when such aids are available for the 
computation of strength, we append some tables taken from 
American sources. 
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§ (a) Hollow Cast iron Columns.— Table LVIII. gives the 
ultimate strength of cylindrical and square cast-iron 
columns, as judged by the ratio of length to least dia- 
meter. A suitable factor of safety must, of course, be 
applied in every calculation, and attention must be paid 
to the form and condition of the ends. 

Ex. I. — Find the safe load for a cast-iron column with 
fixed ends, length 15 ft., diameter 10 in., thickness of metal 
I in., factor of safety = 8. 

/ 180 
Here, ^ = — - = 18, the equivalent strength for which in 



the table is 44,200 lbs. per square inch. The area of the 
column is 7854 (i-o^- 8^) = 28-27. Therefore the total 
safe load is : 

44,200x28*27 



8 



== 156,191 lbs., or 697 tons. 



Table LVIIL — Ultimate Strength of Hollow Cast-iron 
Columns (Birkmere) in pounds per square inch of sectional 



area. 



Lengih 
•¥ diam. 


Round. 


Square. 


Length 
-r diain. 


Round. 
46,444 


^quare. 


5 


75.300 


76,200 


17 


50,700 





73.400 


74.630 


18 


44,200 


48,540 


7 


71,270 


72,860 


19 


42,100 


46,460 


8 


68,970 


70,920 


20 


40,000 


44450 


9 


66,530 


68,850 


21 


38,100 


42,510 


10 


64,000 


66,670 


22 


36,200 


40,650 


II 


61,420 


64,410 


2J 


34,460 


38,870 


12 


58,820 


62.110 


2\ 


32,790 


37.175 


13 


56,240 


5^890 


2>, 


31,220 


35.560 


14 


53,860 


57.470 


26 


29.740 


34,010 


IS 


51,200 


55.170 ' 


27 


28,340 


32,550 


16 


48,780 


52,910 I 


28 


27,030 


31,150 



§ (b) Wrought-iron Struts and Columns. — Table LIX. 
gives safe loads for wrought-iron struts and columns 
as calculated by Mr. Birkmere, of New York. Before 
this table can be used for any given column, the 
radius of gyration must be ascertained, either by calculation 

L 2 
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or from one of the numerous tables always available in the 
United States, but rarely so in this country. Suppose we 
wish to find the safe load for an I-joist used as a column, 
with flat ends; length lo ft., size lo in. by 5 in., area 
8*53 in. The value of r is found by calculation to be 1*14 ; 

therefore -= 120 -ri* 14 = 105, and, taking the strength 

opposite to the ratio next higher in value than 105 in the 
first column of the table, the safe load per square inch is 
found to be 6,840 lbs. Multiplying this by the area, we 
have 6,840 X 8*53 = 58,345 lbs., or 26 tons total safe load. 
Similar calculations can readily be made for any other form 
of section. 

Table LIX. — Calculated Safe Loads for Wrouglit-iroit 
Stmts and Columns {Birkmerc) in pounds per square inch 

of sectional area. 

(For round columns add 10 per cent, to the figures given below ; for 

square columns add 5 per cent. ) 



Length -^ 










least Radius 


Flat Ends. 


Fixed Ends. 


Hinged Ends. 


Round En's. 


of Gyrat^n. 


1 








20 


14,380 


1 
14,380 


13,940 


13330 


30 


13,030 , 


13,030 


12,460 


11,670 


40 


11,760 


11,760 


11,110 


10,140 


50 


10,860 


10,860 


10,130 


8,930 


60 


10,000 


10,000 


9,230 


7,820 


70 


9,190 


9,190 


8,330 


6,850 


80 


8,420 


8,420 


7,500 


5,950 


90 


7,920 


7,950 


6,840 


5,23^ 


100 


7»45o 


7500 


6,220 


4,560 


no 


6,840 


7,070 


5,620 


3,980 


120 


6,260 


6,670 


5,060 


3,440 


130 


5.790 


6,220 


4,580 


2,960 


140 


5»340 


5,800 


4,120 


2,510 


150 


4,830 


5.390 


3,570 


2,120 


160 


4,350 


5,000 


3,060 


1,760 


170 


3,920 


4,570 


2,640 


1,530 


180 


3,500 


4.170 


2,250 


1,310 


190 


3,190 


3,830 


2 020 


1,150 


200 


2,900 


3,500 


1,800 


I,0CO 
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§ (c) Phoenix Columns. — Table LX. gives particulars of 

the well-known Phoenix columns, which are built up of pillar 

sections (Table VI., and figs. 169, 170). It will be observed 

that the fullest details are given on all essential points, so 

that strength can easily be estimated by the usual rules, or 

by any reliable table showing either the ultimate strength, 

or the safe load corresponding to an ascertained value of 

. / 
the ratio - 
r« 

Table LX, — Dimensions of Phoenix Columns, 

Columns Ay B, and C have four Segments, 

Least Radius of Gyration = Dx '3636. 



One 
Segment. 



Thick- 

less 

in 

incti3!i. 



Weight 

in lbs. 

per 

yard 



A- 


9h 


i 


12 


A 


14\ 


1 


17 


I 


16 


r. 


I9i 


t 


23 


11 


26i 


i 


30 


A 


33* 


i 


.37 


i- 


18.^ 


A' 


22Jt 


i 


26^ 


A 


3o\ 


i 


34* 




SH 



% 



42* 



Diameters in 
iaches. 



d 
Inside. 



A 

3i 



D 

Outside 



B 
413 



4 
4i 
4t 
4t 



D» 
Over 

Flanges 



5t« 
Si's 

5H 



6tNs 



C 

SH 



\ 



6tV 

7l^8 

7t\ 



One Column. 



Area of 

Cross 

Section 

square 

in. 



Weight 

per 

toot 
in lbs. 



81^ 

H 

8f 

8tV 
8* 



94 

9i 

9iV 

9* 

9* 

9i 

9ii 



3.8 
4-8 
5-8 
6-8 



6-4 

7-8 

9*2 

iO'6 

I2*0 

13*4 
14-8 



12-6 

i6'o 
19-3 

22*6 



Least 
Radius 

of, 
gyration 

in 
inches 



21-3 
26*0 
30*6 

35*3 
40*0 

44*6 
49*3 



i-45 
1-50 

1*55 
I 59 



1-92 
1*96 

2 '02 
2*07 
2*11 
2*l6 
2* 20 



7-4 


24-6 


9'o 


300 


10-6 


35*3 


12*2 


406 


13-8 


46-0 


15*4 


51*3 


17*0 


566 



2*34 
2*39 
2*43 
2-48 
2*52 

2*57 

2'6l 



Size of 
Rivets. 






il 

2 

24 



If 

li 

li 

i| 
2 

2j 
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§ (tf) Z-bar Columns.— TahX^ LXI. is one of a series 
contained in the handbook of Messrs. Carnegie, Phipps 6* Co., 
and is a fair example of the kind of information furnished 
by American manufacturers. (For 2-bars see Table VI. ; 
and for Z-bar column see tig. 167). 

Table LXI.— Safe Loads in Ions of 2,0^0 lbs. of Sled Z-bar 

Columns, square ends {Carnegie, Phipps, & Co.), 

Allowed slialns per square inch tor sleel, safely factor 4 ; — 

00 — 57- fartcngiLs 

1. Steel 2- bar Coluiuns. 



Seclion : 4 


Z-bars 6i in. x J it. 


I 


Wtb Plate 


-in 


X I 


n 






6 .Side Plates 20 in. wide. 






. '^. 


i L 


' 


i 


i i 


Laclhef 
Colnm'iDrc 




1 III! 


ii 


11 


1 


i 


i 






S SiRi 


aV-.E 


HT-'-. 


"s.". 


"T-"- 


^r-.b 


^■'.H 
























. 1 


3 


S 


a 


g 


S 


S 


44 and undtt 


1 1 ' 
...808-1 S23-i838'i 


ssj'i'ses'i 


SSvi 


898-1 91 3- 1 


,«., 


46 


.,,l7937,8o8-3823-c 


*37-5'85z-i 






Jto-4 


48 


...|778-2|79Z'5,So6-9 
...;76i'a7r67 790-8 


S2i-2lS3S'S 






191-6 


SO 


8cH7|8i87 


S3»-S 


8467S607 


S747 



§ (e) Remarks on the Use of Tables.— So far as the 
use of tables is concerned, it may be said that absolute 
reliance should never be placed upon such aids 10 
calculation, and the architect should always know exactly 
what is the true purport of all data that he is employing. 
Tables of dimensions, whether concrete or abstract, are 
usually reliable when issued by responsible firms, but 
information as to the ultimate strength, and especially as to 
the safe load, of Qo|i(mns ought to be accepted with som? 
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reserve, unless their origin and the conditions to which they 
apply are fully known. It is preferable to adopt tables 
showing ultimate strength, as the operator can then add his 
own factor of safety according with the nature of the case 
under consideration. Even then great care must be taken 
in the selection of tables, for many of the tests by different 
experimenters do not in themselves afford any reliable basis 
for practical work. It is only when records furnished by 
exi)eriments covering a sufficiently wide range are gathered 
together in large numbers and submitted to close scrutiny 
and classification, that their real teaching becomes evident. 
More harm than good is likely to result from the indiscri- 
minate repetition of data in various text-books and collections 
of tables ; and no really comprehensive and intelligible 
summary of all authoritative records has hitherto existed. 
This deficiency has to some extent been made good by 
recent investigations, to which attention will be directed in 
the next article. 

74. Moncrieff 's Investigation. — An exhaustive 

inquiry as to the strength of columns has been made by 
Mr. J. M. Moncrieff*, M.Inst.C.E., whose practical conclu- 
sions are fully stated in a paper recently communicated to 
the American Society of Civil Engineers. All the most 
important experimental records are dealt with, including 
those of Bauschinger, Christie, Considere, Hodgkinson, 
Marshall, Tetmajer, and others furnished by various 
official tests conducted in the United States. Mr. Moncrieff 
has subjected the data at his. disposal to analytical exami- 
nation, and all results, except those involving defects or 
special conditions, are plotted in a series of diagrams in 
such a manner that the relationship' between the direct load 

/ 
and the ratio - may be seen at a glance. 

Upwards of thirty diagrams of this kind are given in. the 
paper, containing the results of no fewer than 1,789 experi- 
ments indicative of the behaviour of cast iron, wrought 
iron, steel, and timber columns. Curves are drawn in 
each diagram, showing the strength of the ideal column, 
the upper and lower limits of strength of the practical 
column, ^nd th^ safe working d^ad lo^d of th^ lattQr, 
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These curves have been calculated by a formula, now made 
public by Mr. Moncrieff, which exhibits features worthy of 
careful consideration. 

For the purpose of showing t-he manner in which Mr. 
Moncrieff has presented his facts, we reproduce one of his 
diagrams (fig. 143), where full details of a large number of 
tests are plotted, and curves are given showing how far 
the formulas are consistent with experimental results. 

75. The Moncrieff Theory. — The theory forming the 
basis of the formula relies chiefly upon two assumptions : — 
(i) that a perfectly centred column, of perfect material and 
straightness, is an ideal conception seldom or never 
realised in practice, and (2) that the various disturbing 
influences preventing its realisation are practically all 
capable of being represented, as regards their ultimate 
effect, by an equivalent eccentricity of loading. Any 
theory founded on these principles should be expressed by 
a formula from which the strength of the ideal column may 
be calculated, if the factor representing eccentricity be 
reduced to zero. To the first proposition no one will be 
likely to object, and as regards the second, we may remark 
that the investigations of Bauschinger, Christie, Considere, 
and Marshall show that the physical and geometrical axes 
of a column do not often coincide, and that a column may 
possess greater strength when loaded in an apparently 
eccentric manner than when loaded in an apparently 
central manner. So far, then, the theory appears to be 
reasonable and consistent with ascertained facts. 

§ {a) Accidental Eccentricity. — An important factor in the for- 
mula is £, representing equivalent eccentricity. The value of e 
cannot be determined beforehand, for it depends upon defects 
of material or of workmanship, and upon the effects of 
manipulation during manufacture (Arts. 79, § « ; 82). As 
employed by Mr. Moncrieff, c finds a place in the expression 

C E C 

—7, denoting accidental eccentricity. The value of - could 

easily be calculated, because c is the distance of the extreme 
fibres in a column section from the neutral axis — the dis- 
tance, for instance, of a from A in fig. 128, p. 145 — and r is 
the radius of gyration of the section. In the present state 
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of our knowledge it appears to be desirable that one 

c e 
constant value should be assigned to the quantity — 5-, as 

determined by experimental evidence. Any column of 
medium length having the least eccentricity of loading, or the 
least degree of initial curvature, will immediately commence 
to bend under load, and the bending will increase more 
rapidly than the increase of load. Therefore we see that 
any expression for the strength of a column should not only 
be in harmony with the laws governing deflection, but 

ought also to include the corrective factor —5-, for accidental 

eccentricity. 

§ {b) Incipient Tension. — We already know that when 
flexure takes place both compressive and tensile stresses are 
induced, but it should be remembered that the maximum 
compressive stress in a column of symmetrical section has a 
greater value in pounds per square inch than the maximum 
tensile stress ; consequently tension does not become the 

controlling factor unless a considerable 
difference exists between the com- 
pressive and tensile strengths of the 
material. It is necessary, however, to 
take tension into account to a certain 
extent when determining the strength 
of a column with flat ends which 
are not fixed, because a distinct line 
is to be drawn between the column 
with flat ends and the column with 
fixed ends. In the former type no 
tensile stress <:an be developed at the 
ends, and if tension were attempted to be 
set up at these points, the ends would 
begin to rotate on their bearing surfaces, 
and the column would be in a highly unstable condition. In 
a column with fixed ends, the bending moment at each 
end is theoretically equal to that at the centre. So long 
as no tensile stress is established in a column with flat 
ends^ it will behave exactly the same as a column with 
fixed ends, that i§ to say, up to th^ point of loading wherQ 




Fig. 14.2. 
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Stress in the column at its ends and centre is as shown 
in fig. 142, when a small increase of. load. will probably 
result in failure. The accuracy of this view is demon- 
strable by considering the* ca^e ' of a column .whose ends 
are fixed, in which tensile stresses have b^en •. developed 
at the ends and centre. If the"' fibres In tension at the 
ends could be cut, whilst under load, so as to transform 
the column into a flat-ended column, we should naturally 
expect to find an immediate alteration of curvature, and it 
is highly probable that the column would fail with the 
same or a slightly augmented load. The substantial truth 
of these views with regard to flat-ended columns appears to 
be clearly evidenced in Mr. Christie's experiments, and 
Mr. Moncrieff provides for the effect of incipient tension by 
a rule derived from his formula for failure by tensile stress. 

76. MoncriefT's Formulas. — ^This modified rule is 

intended to determine the critical condition of incipient 
tension, and if flat-ended columns are proportioned in 
accordance therewith, no tension can be set up, and they 
will behave similarly to columns with fixed ends. 

In their unabridged forms the two equations for esti- 
mating the strength of columns are thus written : — 

For failure by compression : — 

For incipient tension in flat-ended columns : — 



/. . Mb- p.) 

— =2 / 1 ^ .... (10) 

r ' ' 



§ (rt) Precise Uses of the Formulas. — Formula (9) applies 
to columns with round, hinged, or pin ends without 
alteration; when used for columns with flat or fixed 
ends the value ascertained must be multiplied by two ; but 
formula (10) must be applied to columns with flat ends 

when the ratio of - is reached, at which incipient t^nsiou 
becomes the controlling factor, 
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The following are the significations of the symbols used 
in the formulas stated above : — 

— = length in ins. ^ least radius of gyration, in. ins. 
v 

E = modulus of elasticity, in pounds per square inch. 

Fg = maximum compressive stress, in pounds per sq. in. 

fd = direct load, in pounds per square inch. 

^ - = 2i constant, representing accidental eccentricity. 

The precise use of equation (9) is as follows : — Let it be 
assumed that in a given section a certain value of maximum 
^compressive stress F^ is not to be exceeded ; if the numerical 
equivalent of this be inserted, together with the values of/,, 

E, and—., we have at once the proper ratio of— ,corres- 
^3 r 

ponding to the direct load/, per square inch. 

The formulas can be used, as they have been in connexion 
with fig. 143, for ascertaining ultimate strength and for 
calculating the strength of the ideal column. 

For actual practice they are intended to indicate the 

correct ratio of — for any given direct load, at the same 

time fulfilling the conditions that the maximum fibre stress 
shall be within safe limits as regards the strength of the 
material, and that the working load shall not be more than 
one-third of that under which instability would result by 
reason of insufficient stiffiiess of the material. The first 
condition is secured by assigning to F^ a sufficiently low 
value, and the second by the insertion of the factor of 
safety K. These qualifications, the manner in which they 
are efiected, are explained in the next article. 

§ (A) Working Formulas, — ^Two forms of the Moncrieff 
formula (9) and (10) have already been given, but it is 
desirable that the rules should be simplified and modified 
for use in every-day work. Each equation is qualified 
by the insertion of suitable values for the various factors, 
and the co-efficient of safety K is added. The following are 
the values assigned by Mr. Moncrieff for different materials, 
but others may be used if desired ;— ^ 
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Table LXIL — Co-efficients for Moncrieff Formulas, 



Factors. 


Cast Iron. 


Wrought 
Iron. 


Mild Steel. 


Hard Steel. 


Modulus of elasticity (E), 

lbs. per sq. in. 
Maximum compressive 

fibre stress, Fc, lbs. 


I4,CKX>,0OO 


28,000,000 


30,000,000 


30,000,000 


per sq. in. 
Accidental eccentricity, 


12,000 


18,000 


24,000 


36,000 


C i 

^y ■•• ••• ••• 


0.6 


0-6 


06 


06 


Factor of safety against 
instability K 


i 


h 


i 


h 



Units of 10,000 lbs. are used for E and F^, and when the 
values have all been substituted, working formulas are 
obtained for the calculation of safe dead loads. The only 
modification necessary in dealing with live loads instead of 
dead loads obviously consists of a reduction in the values 
of Fe, and an increase in the value of K. Mr. Moncrieff 
suggests as an alternative that the moving load should be 
increased by a percentage dependent upon the character of 
the load, and that the result should then be treated as a 
dead load. 
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-Moncrieff Working Formulas for Columns 
imder ^^ Central Loading^ 



Material. 


Formula (a) fcr round*( nded 

columns. 

(Results to be doubled for 

fixed-ended columns.) 


Formula (2*) for 
incipient tension 
in flat-ended 
columns. 








Cast iron ... 
Wrought iron 






Mild steel ... 
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§ (c) Examples, — The diagram in Fig. 144 represents 
various curves obtained by the use of the working formulas 
stated in Table LXIII. The following examples will serve 
to explain how the curves are calculated. Units of 1 0,000 lbs* 
are used for// the direct load. 

Ex. I. — If the dead load per square inch be limited to 
5,000 lbs. in a cast-iron column, find the correct ratios of 

— for round and fixed ends respectively, 
(i) For round ends by formula (a) : — 

L^,^ / ^^4 (L^yT^.e = 68-6. 

r 'V 6-4*4 (-5) V '5 ' 

(2) For fixed ends the ratio is 

68*6 X 2 = 137*2. 

Ex. 2. — With the same limit of load as in Ex. i, find 

the correct ratio of - for flat ends. By formula (b) : — 

r 

It may not seem to be clear when formula (a) and when 
formula (b) should be applied to columns with flat ends, 
because the point at which the curves would intersect is 
not necessarily known. As, however, the lower ratio is 
always that which must be accepted, we have an easy clue 
to the selection of the proper rule. 

These equations may be used for the purpose of obtain- 
ing a series of curves for general guidance, or they can 
be applied to individual cases. 

Perhaps the following example will serve to illustrate 
the practical application and convenience of the formula, or 
of the curves obtained therefrom. 

A wrought-iron column, 15 ft. long, with flat or with 
fixed ends, has to carry 30 tons dead load = 67,200 lbs., 
and the maximum weight is not to exceed 10,000 lbs. per 
square inch of section. We find either by direct calcula- 
tion or from the diagram of safe dead loads that the ratio 

-= 90 ; therefore r = = 2. As the sectional area 

r 90 
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67 200 

should be -1^ = 672 sq. in., any column maybe selected 



10,000 



whose radius of gyration is not less than 2 in., and 
whose sectional area is not less than 672 sq. in. 

77. Misconception as to Fixity of Columns.— 

Before leaving this part of our subject it will be well to 
direct attention to the fact that a serious misconception 
frequently exists with regard to the requirements necessary 
for realising the conditions of fixity in the ends of a column. 
Columns are often put up and fixed in a fashion which 
makes them nothing more than flat-ended columns so far as 

their behaviour and strength 
are concerned. To make this 
matter perfectly plain, let us 
take two examples. In the 
first, let it be assumed that a 
row of columns, of which two 
are drawn in fig. 145, are 
properly fixed to rigid founda- 
tions, and the upper ends of 
the columns are secured to a 
strong and rigid girder. Of 
course, the imposition of a load 
on any span of the girder will 
cause deflection, but the devia- 
tion will be small, and the stiff*- 
ness of the girder, as compared 
with that of the columns, will 
be relatively so high, that fixity will be practically, 
though not theoretically, attained. In the second 

example, let us assume the columns to be spaced some 
distance apart, and that their upper ends are fixed to a 
girder which is only moderately rigid. Then the 
girder, when loaded, will deflect considerably, as shown 
to an exaggerated degree by dotted lines in fig. 146, 
and the columns will experience severe bending stresses 
in addition to their direct loads. Thus, it should 
be clear that an injudicious attempt to fix the ends of a 
column is not likely to affbrd the expected augmentation of 
trength. 
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If there be any uncertainty as to the fixity of the ends, 
strength should be calculated as for a flat-ended column, 




Fig 146. 

with due allowance for bending stresses, as mentioned 
above, if any such may reasonably be anticipated. 



M 



1 66 STRUCTURAL IRON AtJt) STEEL. 



CHAPTER XII. 
CAST-IRON COLUMNS AND CONNEXIONS- 

78. Typical Forms. — ^Cast-iron columns and stanchions 
are made with sections of so varied a nature, that no 
difficulty occurs in choosing a form suitable for any required 
purpose. A channel section is much used for carrying the 
ends of main girders entering party walls, and is then gene- 
rally embedded in the brickwork. Rectangular stanchions 
or pilasters are employed for similar purposes, but are 
generally fixed against the wall surfaces. One of the most 
common forms of stanchion is of H-section, and it may be 
made either with solid or hollow web. This section is 
largely used in mills and factories, chiefly because of the 
convenience it offers for the attachment of brackets for 
shafting and of other mechanical features. When ex- 
ceptional heavy loads have to be carried the addition of a 
third flange will be found convenient. The cruciform 
section is considerably used, although it is one of the 
weakest types which could be designed, and is therefore 
the most expensive so far as the weight of metal is con- 
cerned. One advantage it possesses, in common with 
other types having open flanges and webs, is that any 
flaws or defects in the metal may readily be detected. 
Judged by the criterion of strength per unit weight of 
metal, the hollow cylindrical column is undoubtedly the 
best and most economical of all. It is, of course, the least 
desirable form for building into the walls, and is more 
difficult to fireproof than the other shapes to which 
reference has been made. 

§ (a) Values of Different Sections, — The relative strengths 
of three simple forms of column are stated below, and the 
student may find it instructive to calculate the resistance 
of various sections by the rules which have previously been 
explained : — 
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ttollow cylindrical section .* . * loo 

H-section . . . . . , • • 75 

Cruciform section . . , . , . 44 

All columns or stanchions with open webs should be 
strengthened by transverse webs called "stifFeners." These 
are usually cast at intervals of 3 ft. apart, and when the 
hollows of the column are to be filled with cement or fine 
concrete, holes may advantageously be cast in the stiffeners 
so that continuity of the filling may be preserved. 

§ (b) Columns Enclosed in Brickwork. — When a column or 
stanchion is adjacent to, or enclosed by, a wall, care must 
be taken to see that the load comes wholly upon the iron 
member, and that it does not rest partly upon the wall 
itself If this point be overlooked, cracking of the brick- 
work will most likely result. Therefore, it is desirable 
(i) that an enclosed column should be independent of the 
brickwork, so far as relates to vertical movement, and (2) 
that the top course of the wall should be slightly below 
the cap or other part of the column upon which the load is 
intended to be imposed. 

§ {c) Ornamental Columns. — Ornamental cast-iron columns 
and pilasters are still used, though not to the same extent 
as formerly. A well-known firm of ironfounders, in some 
remarks prefatory to illustrations of ornamental columns, 
suggests cast iron as a material not liable to injury from 
fire. This expression ought only to be accepted in a 
comparative sense, and whilst fully recognising the merits 
of cast iron, we feel it necessary to advise the invariable 
application of proper fireproof protection to all supports 
formed of this material. 

79. Practical Proportions. — The thickness of metal 

in hollow cast-iron columns should not be less than one- 
twelfth of the diameter, and in practice it generally varies 
between this fraction and one-sixth. Morin suggested 
the following proportions for the length and thickness of 
columns : — 

Length 7 to 10 ft., maximum thickness 0*5 in. 
„ 10 „ 15 ft. „ „ 0-6 „ 

„ 13 „ 20 ft. - „ „ 0-8 „ - 

„ 20 „ 27 ft. „ „ L-o ,v 

M Z 
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§ (a) Defects. — As pointed out in Art. 13, § r, careful exami- 
nation of hollow castings is always desirable. Very little 
useful information is to be derived from external contem- 
plation, and if the architect or engineer wishes to be quite 
sure that the metal is uniformly of the specified thickness, 
he must cause holes to be drilled at different points, so that 
actual measurements may be taken. The practice of cast- 
ing columns horizontally is not entirely obsolete, and when 
it is adopted, considerable eccentricity may be expected 
from shifting of the core. Unequal internal strains, pro- 
ductive of initial curvature, are also likely to be developed. 
By the more modern system of casting columns in a vertical 
position these defects are less undesirably evidenced, and 
the metal is of better quality because gases are forced out 
by the head of metal. 

§ (b) Bases and Base Plates. — Whatever may be the 
profile of a column, the base should be spread some- 
what for the purpose of securing lateral stiffness. The 
column shown in fig. 147 is one of those supporting 
the roof of Lime-street Station, Liverpool. It has a 
length of 20 ft., a mean diameter of 3 ft., and the thick- 
ness of metal in the shaft is 2 in. In this example 
the base is only thickened at the extreme end, and the 
column is secured by means of an annular ring held in its 
place by foundation bolts. None of the load is supported 
by the apparent base and capital, which are merely added 
for architectural effect. Flat base-plates, as fig. 149, are 
suitable for light loads, but should not he used for heavy 
loads, or the weight will not be distributed equally over 
the foundation stone. When the load is considerable, a 
ribbed base-plate, such as that shown in fig. 150, ought to 
be employed. Plates of this description should be of suffi- 
cient area for distributing the weight as may be necessary 
for safety and stability. The bottom plate and the body of 
the base should be the same thickness as the column to be 
supported ; the ribs must be of similar thickness in order 
that the casting may not be strained in the act of cooling. 
A hole is left in the centre through which grout may be 
run, and smaller holes are provided between the ribs for 
the purpose of indicating whether the operation of grouting 
has been properly performed. Very often the base of a 




F'^. 149. Fiff. 150. 



1 70 STRUCTURAL IRON AND STEEL. 

column is merely bolted to the foundation plate at the 
ground level, where it is more or less subject to corrosive 
influences. A better plan is to make the joint a little below 
the surface, as in fig. 147, so that it may be adequately 
protected. In all important work the joints should be 
faced in the lathe, but frequently the faces are merely 
chipped off level, and a sheet of lead or felt is inserted for 
the purpose of compensating for deficiencies of workmanship. 
Sheet lead may cause serious galvanic action, and felt is 
almost certain to crumble into powder in course of time. 
We have previously pointed out the fact that corrosion is 
most apt to take place at joints (Art. 58, §r) ; therefore it is 
obvious that the bolts by which a column is secured should 
be protected in some adequate "manner. If the base should 
become unstable through corrosion of the bolts, a consider- 
able loss of strength will ensue, as the condition of fixity 
will cease to obtain, and the column will virtually become 
one with flat ends. 

§ (c) Round-ended Columns. — An interesting example of 
a column with rounded ends is given in fig. 148. This 
particular form of support was designed for the inner 
portion of the gallery at Olympia, Kensington, by the joint 
engineers, Mr. A. T. Walmisley and Mr. Max am Ende. 
The whole gallery acts as an abutment to the roof arch, 
and the ball-and-socket joint was adopted so that bending 
moment on the column might be obviated. Columns 
with rounded ends are sometimes used in structures where 
considerable variations of length are expected in conse- 
quence of expansion and contraction. Columns or struts 
with round, pivoted, and pin ends are, of course, most 
generally used in connexion with bridge and roof work. 

80. Column Connexions.— In large buildings the 
columns usually extend from the basement to the roof, and 
arrangements must be made at each floor for the con- 
nexion of girders. The columns may, therefore, be sup- 
plied in lengths governed by the distance from floor to 
floor, and the different sections can conveniently be joined 
together near the points at which the girders arc connected. 

§ (a) Forms 0/ Joints. — Sometimes a simple spigot and 
faucet joint is used, similar to that adopted for water pipes, 
but it is far better (hat bolts should also be applied, as 
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shown in fig, 151. For the best 
class of work the surface should 
invariably be turned and bored 
so that a true joint of metal 
to metal may be ensured. If 
the spigot and faucet be omitted, 
the bolt-holes ought to be drilled, 
and the bolts themselves should 
tc turned io fit the holes ; cast 
, holes with loosely- fit ting bolts 
would be eutirely inadmissible, 
as prejudicial lo ihe stability 
of Ihe joint. Various artifices 
are adopted for hiding the actual 
joint in a column, and some of 
these are described t>elow. As 
we have seen in figs, 147 and 
148, false bases and capitals 
may be attached, and a similar mode of treatment 
can be followed in buildings where the connexion is 
between the ceiling of one story and the floor of 
another. 





f^- 153. 



Fig- 154- 
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At Other times no artifice is necessary. For instance, 
in fig. 152 the capital is useful as well as ornamental, for 
it serves to support two girders, of which the ends are 
shown in the illustration, and it also provides a joint for 
the extended portion of the column. 

§ {b) Beam Supports. — Fig. 153 shows the elevation and 
plan of a column detail in the Jackson Building, New York. 
The columns measure 16 in. by 12 in., and are placed in 
the side walls of the building, about 1 5 ft. apart ; the main 
girders are 20 in. deep, and rest upon brackets cast with 
the columns, whilst they are connected by angle knees and 
bolts. Smaller girders are similarly fixed at each side of 
the columns for the purpose of supporting curtain walls. 
A so-called fireproof column is shown in fig. 154, where a 
cast-iron shell-covering surrounds the shaft, and the inter- 
vening space may be filled with incombustible material. 
The capital is loose, and may be in two halves, so that it 
can be fixed after the column has been erected. This 
column is supporting an upper wall, which rests directly 
upon a pair of girders connected by distance pieces and 
bolts. 
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Fig. 155- Fig. 156. 

A similar arrangement is illustrated in fig. 155, where 
an upper wall is built upon a three-beam girder; the 
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main girder at the left hand rests on a cast bracket, 
being secured to the column by angle brackets and to the 
upper girder by a 6-in. by ^-in. strap. Sometimes it may 
be inconvenient to use a deep main girder, and in such a 
case the connexion shown in fig, 156 will be useful. Here 
two I-beams are fixed, one on each side of the column. 
This arrangement provides the necessary rigidity, and as 
the girders need only be of moderate depth, the ceiling 
below can be perfectly level. 




Fig. 157. Fig. 158. 
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When a main girder has to extend through a column 
or stanchion, provision should be made as indicated in 
figs, 157 and 158. In the first of these diagrams the 
two separate lengths of the column are connected by 
independently cast jaws of sufficient height to permit the 
passage of the girder. In the second illustration the 
jaws form part of the lower section of the column. 
These methods of construction can be applied either to 
round or to square columns, but the connecting part be- 
tween the cap of the lower length and the base of the 
upper length must be of rectangular section. A mode of 
connexion suitable for internal columns is shown in fig. 
159, where the floor joist rests on a, bracket and is secured 
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by bolts to a lug cast with the column. This mode of 
fixing is by no means so desirable as that in which angle 
knees are used, for the reasons that the lug may break off, 
and that the number of bolts is necessarily more limited. 
The main girders at each side of the column are connected 
to similar lugs, and if the girder consist of two joists 
placed side by side, the lug can be cast in the form of a 
hollow rectangle, and of suitable size, so that it may act 
as a separator or distance piece. Dotted lines in the figure 
indicate the positions of the capital and base respectively 
of the lower and upper lengths of the column. 
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CHAPTER XIII. 

WROUGHT-IRON AND STEEL COLUMNS. 

CONNEXIONS. 

81. Typical Forms. — In the present chapter no dis- 
tinction will be drawn between wrought-iron and steel 
columns, because construction in either material is precisely 
the same. As a matter of fact, the employment of mild 
steel is now practically universal, and wrought-iron columns 
are out of date so far as new work is concerned. 

g (a) Simple Sections, — Stanchions may consist of a single 
I -joist or channel, providing the load is not too heavy. 

The simplest possible form of steel column can be made 
by using a wcldless tube, to which an angle ring is riveted 
at the bottom to serve as a connexion to the base, and 
another ring at the top for connecting the shaft with the 
cap. Tubes of this kind are readily obtainable up to 20 in. 
in diameter by | in. thicii^ and they are made of roTind, 
square, octagonal, hexagonal, and other sections. 

Some new sections of seamless tubes, manufactured at 
the Duisburg Iron aind Steel Works, are illustrated in 
fig. 160, and it will be observed that- they comply generally 
with the conditions necessary for strengtll arid economy, 
although the second example does not appear to be of par- 
ticularly desirable shape. -. 

con n ti 

li^. 160. 

These sections are produced in lengths up to 33 ft. and 
up to" 20 in, in diameter, so there ^r<e no longit^idinal joints 
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to favour corrosion and to cause weakness and expense. It 
is said that columns formed of these sections have already 
been somewhat extensively used on the Continent, and the 
attention of our own manufacturers might advantageously 
be turned in a similar direction. 

§ (b) Built-up Sections, — Columns are most generally built 
up of various commercial forms of steel, and a great variety 
of sections can thus be produced, of which a few examples 
arc illustrated in figs. 161 to 1O6. 

Fig. 161. Fig, 162. Fig. 163. 

HDH 

Fig, 164. Fig. 165. Fig, 166. 

§ (c) Strength and Suitability. — Two conditions which 
should always govern the form given to the completed 
column are strength and suitability for the attachment of 
other members of a structure. Strength can easily be 
calculated by the rules given in Chapter XI. and 
suitability for the connexion of other members depends 
entirely upon the arrangement adopted, which should 
always permit the load to fall as equally as possible on all 
parts of the column. 

§ {d) Economy, — It is always policy to select sections 
which can be riveted together with a minimum expenditure 
of time and material. Economy of manufacture is ensured 
by using sections providing the necessary strength, but 
requiring a small number of rivet lines. 

§ {e) Cruciform Section, — A cruciform column may be 
made, as shown in fig. 161, by the use of three I-joists ; 
the two smaller members are riveted through their flanges 
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to the web of the larger one, and only two lines of rivets 
are required. Although the cruciform shape is not in 
itself economical because of its relative weakness, this 
drawback is considerably neutralised by savings in manu- 
facture. The same kind of section can be obtained by 
building up the column of angles and plates, but eight lines 
of rivets are then necessar3^ 

§ if) H-section, — The H-section (fig. 162) is formed of three 
I-joists, joined by four lines of rivets. If cover plates are 
added, as in fig. 163, twelve rows of rivets are necessitated, 
and the metal inside the square is of small theoretical 
value, for it is always the case that metal near the neutral 
axis of a column contributes very little strength. Another 
type of H-section is shown in fig. 164. The only difference 
between this and the column illustrated in fig. 162 is that 
the outer members are of channel instead of I-section ; by 
turning the channel so that the flanges face inwards, a more 
pleasing appearance is secured. Sometimes a built-up 
I-beam, as fig. 137 (Art. 71), is used for a column, and 
when the lines of rivets are not more than six in number 
this form is in every way satisfactory. In either of the 
last two examples, four lines of rivets are required. 

§ {g) Rectangular Section, — Square columns may be con- 
structed in several ways by the use of angles, channels, and 
plates. The channels may be riveted to solid side plates, or, if 
preferred, the sides can be latticed (fig. 165). Angles are fre- 
quently employed in making square columns, the side plates 
being fixed on the inside or outside of the angles according 
to fancy. The former arrangement is certainly more sightly 
than the other, though not quite so convenient for riveting. 
Examples of columns so made can be seen on some stations 
on the Metropolitan Railway and elsewhere. Square 
columns formed with channels only need four lines of rivets, 
whilst those with angles take eight lines. A good rect- 
angular section is seen in fig. 166, made entirely of channels, 
and only necessitating four lines of rivets. Several modi- 
fications of this shape are obvious. For instance, the upper 
and lower channels might be displaced by two flat plates, 
or channels could be discarded altogether in favour of plates 
and angles. 

§ (//) Z-bar Section. — A column made up of Z bars is 
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considered by some engineers to be superior to all other 
types. It certainly requires a comparatively small expendi- 
ture of labour, and provides facilities for the suitable attach- 
ment of girders. As will be seen in fig. 167 (Art. 83), 
only two lines of rivets are used, and all the surfaces of 
the column are readily accessible. 

§ (y ) Phctnix Section, —Columns are also made up of 
rolled segments, as shown in figs. 169 and 170 (Art. %-^. 
Most of the large rolling mills in England manufacture this 
kind of section, which is well known in the United States 
as the "Phoenix" section, and, being patented, can only 
be obtained from one firm in that country. Any desired 
sectional area within reasonable limits can be secured by 
placing plates between the segments. In practice it is 
always desirable to use such plates if the column is formed 
of two or more lengths, as connexions cannot satisfactorily 
be made by any other means. 

82. Weakness due to Internal Stresses.— One 

of the influences which tend to produce weakness in 
built-up columns by reason of internal stresses is the 
effect of machine riveting. We do not mean to imply, 
of course, that the individual rivet joints are weak as 
compared with hand-riveted joints, but to direct atten- 
tion to the undoubted fact that when a compound 
member is being riveted up, the different parts tend to 
stretch and creep past each other, in varying degrees. 
Consequently the member may exhibit slight curvature 
on comjpletion, or it may be apparently straight though 
subject to considerable internal stress. An instance of this 
effect is cited by Mr. Moncrieff, in connexion with a bridge 
over the river Tyne. In order to guard against the creep- 
ing tendency, the engineer's specification demanded that 
the large columns of the river piers should have their butt- 
joint ends machined over the full section, after having been 
riveted up in lengths at the contractor's works, the object 
being that the butts should have full bearing over the entire 
sectional area. The columns were of cruciform section, 
built of plates and angles, and the total length of each was 
about 81 ft., consisting of three separate lengths. Owing to 
some oversight in the case of some of the columns, the 
terms of the specification were not complied with, and 
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instead, the ends of each bar and plate were machined to a 
good fit before riveting was commenced. Tacking rivets 
were put in for the purpose of keeping the different parts 
in their correct relative positions, and riveting was then 
proceeded with throughout the length of 27 ft. On com- 
pletion, it was discovered that the angle-bars and plates 
had crept past each other to such an extent that tlie pre- 
vious fitting was entirely nullified, and the joint had to be 
redressed by hand. The web-plate ends were also found 
to be hollow to the extent of y^^in. in the half-width of 
column between the angle bars, thus evidencing internal 
stresses in the column as made. The columns appeared to 
be quite straight and true as a whole, and the material was 
all made and tested under the same specified requirements of 
tensile strength, viz., twenty-eight to thirty-two tons per 
square inch, with ultimate elongation of at least 20 per 
cent. This creeping tendency is one which cannot be 
avoided in riveted members, though it can be allowed for 
when estimates of strength are being made. 

83, Column Connexions. — Columns of wrought iron 
and steel may be joined together in various ways, the 
simplest being that in fig. 172, where the top of one length and 
the bottom of another are fitted with angle-bac flanges which 
can be joined by bolts passing through a separating plate. 

In fig. 167 a somewhat similar mode of connexion is illus- 
trated, and the figure also shows how girders may suitably 
be supported. The two portions of the column are separated 
by a plate, the thickness of which must depend upon the 
weight transmitted by the girders. The two small joists 
are intended to carry a curtain wall, and they stand upon 
castings secured to the separating plate by bolts which pass 
through the flanges of the joists, as well as through the 
castings and the plate. The large girder rests directly upon 
the separating plate, and the bolts which hold it in position 
pass through two angle brackets serving to stiffen the plate 
and to connect the two portions of the column. The plate 
is also strengthened by brackets at each side, and a cover- 
plate is provided at the back of the column, where in this 
case there would be no room for an angle bracket, because 
the column is intended to be situated in one of the outer 
walls of a building. 



The column, of which front and side elevations and 
sectional plan are shown in fig. 168, is of a type used 
in the New Nctherland, New York. This building 
stands close to the entrance of Central Park, and has 
seventeen stories above the street level. It will be noticed 
that the girders, composed of two I-joists, arc supported on 
angle brackets riveted to the column, and that they are also 
riveted to angle knees placed at each side of the webs of 
the joists. The inside knees were fixed to the column in 
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the contractor's yard, and the outer knees were left loose 
so that Ihey could be riveted on when the girder had been 
fixed in position. A similar arrangement was made for the 
other girders shown. In connecting one portion of the 
column to another, a separating plate was employed as 
before described, only in this case it is above instead of 
below the girdei-s, and it does not extend so far beyond the 
sides of the column. 'I' wo sides of the joint are made by 
the aid of angle brackets, and at the oilier sides cover- 
plates arc provided extending about 2 ft. above and below 
the joint. As the upper length of column is of smaller area 
than that to which it is connected, filling plates arc necessary 
between the cover-plates and the sides of the upper column. 
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One method of attaching girders to a column made of 
segmental section is stiown by fig. i6g. Here bars are - 
placed between ttie flanges 
throughout the entire length . 
of the column, but at the part . 
where the girders are at- , 
tached, and the different ; 
lengths of the column are ; 
connected one to another, the ; 
bars are displaced by plates, I 
one extending through the  
column, and two others reach-  
ifig to the centre, where they  
are attached to the first plate 
by angle brackets. The seg- 
ments are riveted to these 
plates, and the girders are 
riveted to their projecting" 
ends as indicated. In this 
manner it is possible to form 
a column continuous from the '-^=' 
bottom to the top of a build- Fig. 169. Fig. 170. 
ing, so that the joints are quite 

as strong as, if not stronger than, the remainder of the 
shaft. The angle bar drawn at the side of one girder is for 
supporting the floor arch, the other end of which would be 
carried by a joist riveted to the other girder. In fig. 170 a 
column of eight segments is represented. Tlie girders arc 
supported on knees, and the upper flange of each girder is 
not connected by the usual angle bracket, but a wedge is 
driven between the end of the girder and the column, so 
that the space shall tie entirely closed. A cap plate is fitted 
to each length of column and connexion is made by rivets 
passing through the plate and angle plates riveted to the 
upper length. 

When a very heavy load has to be carried by a 
girder, the latter member may advantageously be sup- 
ported by a triangular bracket riveted to the column, 
as illustrated in fig. 171. This bracket can generally be 
situated in a partition wall, and thus any disfigurement of 
the interior apartments may be avoided. The column in 
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this iigurc rests upon the girder below, which transmits the 
weight to the cast iron base. By this arrangement the 
centre line of pressure is removed farther away from the 
outer wall than it would be if Uie column were supported 
in the usual manner. A cast-iron base plate suitable for a 
heavy steel column is shown in fig, 172. 




F'g- 17I. 



Fig. 172. 



f'S- 173- 



§(0) Cantilever Consiruclion. — Fig. 173 illustrates an 
interesting example of cantilever construction occurring in 
the Old Colony Building, Chicago. 

This mode of support became necessary for some cf ihe 
columns because of a difficulty with the owner- of the 
adjoining property. The lowercolumn is 3 ft. 6| in. from the 
party line, and rests on a box girder, 2 ft. 6 in. by 2 ft. 6 in., 
which is placed on a series of 15-in. I-beams bedded in 
concrete. The end of the box-girder cantilever supporting 
the segmental upper column is also shown in the figure. 
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CHAPTER XIV. 
.EXTERNAL LOADS ON BEAMS, 

84./ Definitions. — As employed in connexion with 
structural work, the term beam ia the name given to any 
member exposed to transverse stresses, whatever may be 
the material of which it is composed. The term girder is " 
generally restricted in application to flanged beams of iron 
or steel, but as a matter of principle it is not necessary 
to draw any distinction between a beam and a girder. 

§ (n) Effects of' Load: — A simple beam is supported at its 
ends and loaded at one or more points between the supports. 
A semi-beam or cantilever is fixed at one end and free at the 
other. A continuous beam is supported at three or more 
points. The ends of a beam may be simply supported, or 
they may he fixed. In the latter case the beam is described 
as B\\ encasire htom, .When a beam is supported at one 
end or at both ends, and a load is imposed upon the beam, 
several results follow :-*— 

I. The weight of the beam is divided between the sup- 
ports if* there be tv^O. If only one support be used, it 
must" of course caity the entire weight. 

S.'/Illelo^d placed upon the beam is transmitted to 
the suppOTts, though not neres-safilyin equal propoftioiis. 

3: The beam is beiit in* some measure by its own weight, 
and by the" weight placed upon it. At the same time shear- 
ing 'force is developed, tending to cut the beam asunder in 
a vertical direction. 

^ 4. Internal stresses are caused, acting upon the fibres of 
the material of the beam, and these stresses vary from 
point to point alorjg the beam. 

From this brief statement it will be clear that a distinc- 
tion must be drawn between forces acting externally on 
the beam and those which are set up in the fibres of the 
niaterial. 

N 2 
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§ (b) Positive and Negative Forces, — When a beam is 
loaded at one or more points, the loads cause downward 
vertical action, and also develop upward vertical reaction 
at the point or points of support. It is usual to designate 
these forces as positive and negative respectively. As the 
forces to which we now refer are all parallel and act in 
one plane, the following conditions are necessary if the 
beam is to be kept in a state of equilibrium: — (i) The 
sum of the negative forces must be equal to the sum of 
the positive forces ; (2) the sum of the moments of the 
forces tending to turn the beam in one direction round 
any fixed point must be equal to the sum of the moments 
tending to turn it in the opposite direction round the same 
point. 

85. Classification of Loads.— Loads are generally 
divided into three classes : — 

1. Concentrated loads, generally assumed to be concen- 
trated at one or more points, although they must actually 
occupy some finite length of the beam. 

2. Uniformly distributed load§, spread over the whole or 
part of the length of the beam, and generally measured in 
pounds or tons per lineal foot. 

3. Loads which are partly concentrated and partly dis' 
tributed. 

These three classes of load must come under one or other 
of the following divisions : — 

a. Dead loads, comprising the weight of the beam itself 
and weight due to some of the other parts of the structure, 
such as small beams, joists, floor arches, floor boards, 
timber upon which flooring is nailed, ceilings, partitions, 
tanks with the water contained therein, and, in general, 
anything forming a part of the building and its perm^ment 
contents, b. Live loads, due to the weight of inmates, 
of furniture, of goods, and of any objects whose positions 
may be changed, c. Intermittent loads, which are repeatedly 
or suddenly applied and removed, and which are exemplified 
in the case of hoists and cranes. 

86. Distribution of Load on Supports. — The posi- 
tion occupied by any load on a beam affects the proportion 
in which weight is divided between the supports, and the 
leverage due to bending of the beam affects the amount of 
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Strain suffered by the walls or by the columns supporting 
the beam. The position of the load upon a semi-beam or 
cantilever cannot, of course, make any difference in the 
weight carried by the supporting wall or column, but the 
leverage exerted must by no means be overlooked. At the 
present stage we are chiefly concerned with the manner in 
which the load is divided between the supports of a beam, 
and flexure, due to leverage, will not now occupy our 
attention. In the case of semi-beams, however, some notice 
will be taken of leverage, but the members themselves will 
be assumed to be perfectly rigid. In the following discussion 
of external loads the weight of the beams themselves is 
omitted, as this part of ;the load is nearly always uniformly 
distributed, and it would produce unnecessary complication 
to introduce this element into calculations of a purely 
explanatory nature. 

§ (a) Examples of Differently Loaded Beams : — 





Fig. 174. Fig. 175. 

; Beams with One Load acting at Centre, — In figs. 174 
and 175 we have examples of a concentrated and a uni- 
formly distributed load W^ each acting at the centre of a 
beam supported at both ends. According to the necessary 
conditions of equilibrium, the total supporting force =W. 
Using the symbols P and Q to represent the reactions at the 
abutments A and B, we find that P + Q = W. Therefore 

P = Q = iW (I). 

Beams with One Unsymmetrical Load.— In fig. 176 a con- 
centrated load is at the distance a from one support, and 
at the distance b from the other. Here, again, P + Q= W, 
but the values of the supporting forces at A and B are not 
the same. Thus, 

P = W*-T-/; Q=^Wa-r^l . .' (2). 



Similarly, if the load be uniformly distributed over part 



of the beam, as in fig. 

the centre of gravity of the load and to 

Irated load acting at that point. 



inly necessary to find 
tc 

P W, Q 




Fig. 1 76. 



Fig. 177. 



—A beam of 20 ft. span supports a load of 24 tons, 
ntre of gravity is over a point 8 ft. from the abut- 
Find the supporting forces at the two abutments. 
P == 24 X 12 ■=- 20 = I4'4 tons. 
Q ^ 24 X 8 -^ zo ^ 96 tons. 



^ (y) 



F,g. 178. Fig. 179. 

Beams with Two or more Loads. — Fig. 1 78 shows a beam 

supported at both ends, and carrying two symmetrical 

loads, each at the distance a from the nearest abutment. In 

this ease, P x Q =2W ; hence, 

I' = Q = W (3). 

Fig. 179 illustrates a beam whose length :=/, carrying 
three weights, W„ W.,, W~, placed at the distances a„ a^, and 
II, from the abutmeni A, and at the distances b,, L., b, from 
the abutment B. Here : 

P = (W, A, + Ws 62 + W, 6,)-=-/, or P = S W b-i-l'\ 
Q = (W, «, + W, fla+Wj «,)-=-/, or y = 



V b-i-n , , 
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Ex. 2. — A beam of 20 ft. span supports loads of 
2, 4, and 6 tons, concentrated at points dividing the span 
into four equal parts. Find the pressure on each support. 
P = ^2 X i5) + (4 X io) + (6 X 5) -^ 20 = 5 tons, 
Q=(2x 5) + (4x io) + (6 X I5)-^2o = 7 tons. 
Beams Projecting over One Support. — When a beam pro- 
jects over one of its supports, as in fig. 180, and the 
projecting end C is loaded, ^ #% 

the load W and the weight *^ ^ ^ 

of the projecting end tend ^ 5Q 7 xj vW^ 

to cause a turning moment pt 
about B, and to lift the pfe' 
end A from its bearing. K^*' 
Let P represent the up- 
ward force of the beam at 
the abutment A ; Q the 
reaction of the support B ; 
W the load at C; Yi the I^ig- 180. 

weight of the part B C, Y2 the weight of the part A B of 
the beam ; / the total length of the beam ; /j the length of 
A B, and l^ the length of B C. If the parts A B, B C, be 
of equal weight, then 

P=W/2-/4 

It may sometimes be the case that the end of the beam will 
be of such length, that its weight may be sufficient to exert 
a downward pressure on A; or a similar result may be 
attained by the imposition of a weight on the part A B. 
In either event, the end A may not require to be held down, 
and the reaction P is then said to be positive. 

Taking into account the* w^eight of the beam as repre- 
sented by Yi and Y2, we have 

p = |(W4 + Y,i4)-Y,JA|-A 

Q= I W/+Y,(/-H) + Y. hh ] - A 

Ex. 3. — ^A beam 20 ft. long, weighing 56 lb. (025 ton) 
per foot, rests upon two supports A and B (fig. 180), the 
distance A B being 14 ft, and B C = 6 ft. At the point C 
is a concentrated load of 5 tons. Find the reaction of the 
support B and the effect produced at A. 



(so 



(6.) 
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Taking moments about A, we have : — 
Q= • (5X2o) + (-i5x 17) + ('35x7) I -^-14= 7'5 tons. 
Taking moments about B, we find : — 
P=| (5x6) + (-i5X3)— (-35x7) I -M4= 2 tons. 

The reaction at A is therefore, upward or negative^ and 
the end of the beam must be properly secured. If it be 
decided to hold down the end by means of anchor bolts, 
we can readily ascertain the proper diameter by reference 
to Chapter X. Assuming the load at C to be intermittent, 
the working strain on the bolts should not exceed i^ tons 
per square inch. Consequently their effective area should 
be, say, 1*6 sq. in., and if two bolts be used, we find by 
Table LII. that the nominal diameter must be i J in. 

§ {b) Continuous Beams. — A continuous beam is one resting 
upon three or more supports, as illustrated in fig. 181. The 
reactions at the various points of support are not the same as 
they would be if the beam consisted of a number of separate 

parts. If the beam were 
cut so as to form two 
separate beams, on which 
the total load = 2 W, the 
load on the central sup- 
port would be (^W + 
^W), and on each abut- 
ment ^ W. As the beam 
is continuous, the distri- 
bution of the load, 2 W, is 
quite different. Suppose 
the central pier to be 
slightly higher than the 
abutments, then the total load will rest upon the 
pier, and none of it will be carried by the side supports. 
Again, suppose the pier to be a little lower than 
the abutments, there will be no pressure on the pier. 
In practice a mean between these extreme cases is adopted, 
and the pressures are modified accordingly. The methods 
by which they are determined involve calculations of a 
somewhat abstruse nature, and which would be out of place 
in this treatise. The subjoined table states the result of 




Fig. 181. 
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such calculations up to four spans, all of equal length, and 
carrying equal and uniformly distributed loads. 

Table LXIX, — Loads on the Supports of Continuous Beams. 
Length of Span = /, Load per Unit Length = w. 



Number of 
Spans. 



I 
2 

3 

4 



Abutment. 


Pier T. 


Pier 2. 


%wt 







II «'/ 



Abutment. 


i 


wl 


1 


wl 


A 


7VI 


4i 


wl 



By this table it will be seen that pressure on the abut- 
ments is considerably reduced, whilst it is greatly increased 
on the central support or supports. This condition con- 
sequently entails special precaution w4th regard to the 
foundations of continuous beams, partly because pressure 
upon the piers is increased, and partly for the reason that 
if subsidence of the foundations should take place, the 
nature and amount of the stresses in the beams would be 
undesirably modified. 

87. Cantilevers. — As shown in figs. 182 and 183, semi- 
beams, or cantilevers, necessarily transmit the entire weight 
to their supports, but the leverage exerted depends upon 
the distance of the centre of gravity of the load from 
the support. 





Fig. 182. Fig. 183. 

When a beam, assumed to be perfectly rigid, rests 
upon two supports so that the load of each is central, 
compression is the factor chiefly affecting the supports. 
In the case of a cantilever, however, the lateral load 
will inevitably produce a bending moment, as in fig. 184, 
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causing internal stresses in the material of which the 
support is constructed. 

§ (a) Effect upon Supporting Columns and Brickivork, — In 
an iron or steel column or stanchion the safe load may very 
easily be reduced by 30 or 40 per cent., owing to a side load, 
and it will therefore be clear that some amount of considera- 
tion is desirable before cantilevers or brackets are connected 
to existing columns, or applied to new ones. Still greater care 
is necessary when cantilevers are to be fixed to brick walls, 
because brickwork possesses practically no tensile strength. 




Fig. 184. 



Fig, 185. 



Fig, 186, 



The conditions necessary for stability will cease to exist 
if a heavy lateral load be applied to a wall of comparatively 
little width and height, and the wall might fall bodily, as 
in fig. 185, if the brickwork were sufficiently adhesive. It 
is more probable, however, that a portion of the wall 
would be torn out or lifted off, as in fig. 186, allowing the 
cantilever and its load to fall to the ground. If the upper 
part of the wall possessed sufficient weight to counteract 
the leverage of the cantilever and its load, it is still possible 
that a portion of the brickwork would be crushed by reason 
of excessive compressive stress. Such contingencies as 
these do not always appear to be considered by architects, 
and perhaps more particularly in connexion with walls 
which have to support shafting and other engineering details. 
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CHAPTER XV. 
BENDING MOMENT. SHEARING FORCE. 
88. Definition of Bending Moment.— So far our 

consideration of external forces on beams has been limited 
to the effects produced upon the supports. We have now 
to devote attention to the influences exerted by external 
forces upon the beams themselves. 

Bending moment is the product of the intensity of the 
resultant of all the forces tending to bend a beam, multi- 
plied by the distance from the line of action of that 
resultant, of any transverse plane with reference to which 
the moment is taken. 

§ (a) Modes of Expression. — The forces resulting from 
weights may be expressed in pounds, tons, or in any con- 
venient unit of weight, and the distance can be expressed 
in inches, feet, or other units of measure. When inches 
and pounds are used the moment is stated in inch-pounds ; 
when feet and tons are used the moment is stated in foot- 
tons ; and similarly there maybe inch-tons, foot-pounds, &c. 
The basis involved in nearly every handbook published in 
this country of safe loads for joists and girders is the 
maximum bending moment under a distributed load. Books 
of this kind are largely used by people who do not stop 
to consider the eftect of different systems of loading upon 
the strength of a beam ; and as uniformly distributed loads 
are by no means the rule, it is probable that girders are 
frequently employed whose proportions are entirely 
inadequate for the duties required. In most cases of this 
kind the factor of safety no doubt prevents any mishap, but 
it is clearly undesirable that the user should believe he is 
working on a factor of, say, 5, when, owing to the manner 
of loading, it may actually be only 3 or perhaps less. 
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89. Graphical Diagrams.— We have not space for a 
complete exposition of all possible systems of loading 
beams, but some of the chief of these will now be noticed. 
As the amount of bending moment is governed by the 
distance between the force and the point about w^hich it 
acts, it is evident that the moments varj' at different sections 
in the length of a beam. The maximum bending moment 
is more frequently considered than any other, but occasions 
often arise when it becomes necessary to know what effect 
is produced at different points along a beam. In or- 
dinary cases the bending moment can readily be found by 
calculation, but the solution of a problem may sometimes 
be effected more expeditiously by a graphical diagram. The 
latter method certainly has the merit of demonstrating most 
clearly the exact effect produced at every section of the 
beam, and it would not be possible to obtain by any other 
means so satisfactory a conception of what may be expected 
in a loaded beam. A diagram of bending moments can be 
produced by purely graphical methods, or it may be to 
some extent based upon preliminary calculations. 

Any convenient scale of feet may be used in representing 
the length and depth of the beams and the width of the 
distributed loads ; whilst the same or a different scale can 
be adopted for measuring the bending moment at any point 
in the length of the beams. Typical examples of differently 
loaded beams are illustrated in Art. 90, and for the purpose 
of aiding comparison, the beams with one exception are 
under loads of equal w^eight, and are of equal dimensions. 
A diagram of bending moments is drawn immediately below 
each beam, and the second diagram in each case represents 
shearing force, drawn to the same scale of foot- tons. 
Shearing force is considered in Art. 91. 

90. Bending Moments due to different Systems 

of Loading. — Symbols used in connexion with figs. 187 

to 197 : — 

M = Bending moment, in foot-tons. 
W = Total load on span in tons = zi/ /. 
w = Unit weight per foot, in tons. 
/ = Length of span, in feet, 
P = Reaction at left abutment (Art. S6), 
Q = n V right „ „ 
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Ex. I. — Cantilever fixed at one end and loaded at the 
other,— Th^ cantilever (fig. 187) is 6 ft. long, and has a 
load of two tons resting on its 
free end. According to the 
definition previously stated, the 
maximum bending moment, 

M = W/ (i) 

and the bending moment at any 
distance .v from the free end, 

M.==W/, (2) 

Similarly, the bending moment 
might be calculated by using the 
reaction P instead of W. Thus, 

M = P/ (3) 

Mx = P4 (4) 

At the fixed end of the beam, 

M = 2x6 = i2 foot-tons ; 

at the centre of the beam, 

M = 2 y. ^ =z Ci foot- tons, 

and at the point of applica- 
tion of the load, 

M = o X 6 = foot-tons ; 

The horizontal line of the 
diagram is equal to the length 
of beam ; the vertical line = M, 
and is proportioned by the 
scale of foot-tons ; the diagonal 
completes the triangle, and 
any ordinate drawn from the 
horizontal to the diagonal line 
will denote the moment at 
the corresponding section of 
the cantilever. jr{g^ i38 

Ex. 2. — Cantilever fixed at one end and loaded uniformly. — 
Jn fig. 188 the cantilever, 6 ft. long, is loaded with a weight 



Fig, 



M 



187. 



^j 



sx^ ■^'X<r'y^y/X%^x /%vyM(///y/A^x^x/i 
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of two tons equally distributed over the whole length. 
This load may be assumed to be concentrated at its centre, 
and the maximum bending moment is therefore 

M==W/-r 2, or P/-h2 (5) 

Hence in this example 

M = 2 X 3 = 6 foot-tons. 

At any point of the distance x from the free end, 

M, =: W l^-T-2 



(6) 



This equation indicates that the diagonal completing the 
diagram of bending moment is a parabolic curve, and an 
ordinate drawn through the triangle as before will give the 
meaisure of the moment in the corresponding section of the 
beam. 

Ex. 3. — Beam supported at 
both endSy with a concentrated 
load in the middle, — In fig. 189 
the span of the beam is 6 ft., 
the central load is 2 tons, and 
for the maximum bending 
moment we have 




 



M = W/ ~ 4 



or 



(7) 

(8) 



Fig. 189. 

Consequently we have by Rule 7, 

M = 2 X 6~4 = 3 foot-tons, 

and by Rule 8, . ., ... .. ... ^. ..... 

M = I X 3 = 3 foot-tons. 

At any section .v betv/eeo the load and the left abutment, 



I^I. = P4 



(9) 



At any section y between the load and the right abutment, 

IvI, = Q/y (10) 

In the diagram of bending moments the central vertical 
line = 3 foot- tons, and ordinates may be drawn showing 
the moments at any corresponding sections of the. beam. 
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Ex. 4. — Beam supported at both ends dftd loaded tmiformly. 
' — In this case the load of 2 tons is equally distributed over 

the span of 6 ft., as shown in 
fig. 190, and the maximum bend- 
ing moment, 




or 



M = W/-r-8 (11) 

M=PxJ/=Qx]/..(i2) 



Fig. 190. 

Hence, by Rule 11, 

M5t=2 x6-r8 = i-5 foot-tons ; 
and by Rule 12, 

M = i X I '5 = 1*5 foot-tons. 

To determine the moment at any distance x from the 
left-hand abutment, let w = unit- weight per foot. Then, 



w X 
M = — (/-*•) 



(13) 



The curve of bending moments given by this equation is 
a parabola ; the maximum moment is reached when ^r = |/, 
and the value of the expression is then(a;/^-7-8) = (W/-f-8). 
In the diagram the ordinate 1-5 fo6t-tons in length is the 
axis of the parabola^ and the upper end its vertex. 

Ex, 5. — Beam supported at 
both ends with an unsymme- 
irical concentrated load. — The 
beam in fig. 191 has a load of 
2 tons at the distance a = 2 ft. 
from the left-hand abutment ; 
and b the distance from the 
right-hand abutment is 4 ft. 
The maximum moment 

.;.v. ;-....;....;.... (14) 




/t^. 191. 

M== Wa<b-f-/ .;.v..^ 

Therefpre we find 

M = (2 "X 2 X 4)-i-6 =^2'()6 foot-tons, 



or 



Or again, 



M ^ Pel = (i'33 X 2) = 2*66 foot-tons, 
M = Q^ = (-66 X 4) = 2*66 foot-tons. 



^ ^ 




1 


■"F 


m 


1 ^ 


1 
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If we now desire to determine the moment at some 
point Xf it is necessary to consider whether x is greater or 
less than a. In the former event the moment at x will be 

where y is the distance of at from Q, and in the latter case 

M, = Rv. 
For the given position of W, the maximum is reached when 
A" z= rtf, and then 

Va =: Rv = Qb = Qy. 

Ex. 6. — Beam supported a^ 
both ends with tivo symmetrical 
loads. — A case of simple bend- 
ing is shown in fig. 192, 
where the load consists of two 
weights, W, each equal to 
I ton, situated at the dis- 
tance flr, = 2 feet, from P and 
Fig. 192. Q respectively. 

Here 

U^\Na:^Va^i2a (15) 

In this example, 

M = I X 2 = 2 foot-tons. 
The diagram of bending moments is constructed by 
first drawing a triangular figure, as in fig. 188, in 
which the height of the central ordinate is 3 foot-tons. 
Vertical lines are then drawn corresponding to the , points 
rr, ay in the beam ; the points at which these verticals 
intersect the sides of the triangle are joined by a line 
parallel to the base of the triangle, and the resulting 
polygon represents the bending moments of the beam. 

Ex. 6a. — Beams supported at both ends viith two or more 
unsymmetrical loads. —A case of this kind is illustrated 
in fig. 17.9, Art. 86, and it may be useful to inquire how 
the bending moments may be ascertained at each point 
of applica^on. For the sake of uniformity, we will take 
the length of the beam at 6 ft, and divide the load W into 
three weights, Wj =z -4 ton, W2 = i 'o ton, W3 = -6 ton, 
placed at a^ a2> ^st ^5t 33} ^^^ 5^ ^^' respectively from the 
abutment A. Proceeding as in Ex. 2, Art. 86, we find 

P = I -04 tons, and Q = '96 ton. 
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Therefore 

Ma: 

and M,= 



1-04 X 15 
1-04x33 
•96 X 22 



1 5 "6 inch-tons, or i '3 foot-tons ; 
34*32 inch-tons, or 2*86 foot-tons; 
21*12 inch-tons, or 176 foot-tons. 



It will be seen that the maximum bending moment 
is slightly less than if the load had been concentrated 
in the centre of the beam, and the figures also indicate 
that the diagram of moments must assume a polygonal 
form. To construct the diagram, the triangle for each 
weight should be drawn as in fig. 191, exactly as if the 
load under consideration were the only one upon the 
beam. An ordinate should then be drawn at «i, and 
the sum of the moments occurring there will represent 
the total bending moment at a^ for ' the three loads. 
A length should therefore be set off on the ordinate 
equal to the three separate moments. When a similar 
course has been followed at a^ and ^3, a polygon can be 
formed showing the curve of bending moment produced by 
simultaneous action of the three weights. 

Ex. 7. — Beam supported at both endsy with a uniformly 
distributed load over a part of its letigth. — This case is 

illustrated in fig. 193, where 
the beam, 6 ft. long, has a load 
of 2 tons, distributed over a 
length of 2 ft. Here the por- 
tions which are clear of the 
load are seen to be affected 
just as if the load wxre con- 
centrated in the centre of the 
beam, but immediately below 
^*& ^93* the load a second moment is 

produced, equal to that which would occur if the same 
load were supported by a beam of 2 ft. span supported 
at both ends. Let « represent either portion clear of the 
load, and b the portion under the load. Then, 




1 



M=-1W« + (W^-r-8) 

Thercfo/e in this e^: ample 

M=([ X 2) + (2x2-5- -8) =^2^ foot-tons. 



(16) 



o 
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Ex. 8. — Beam supported at one end and in the middle^ with 
a concentrated load at the free end. — ^The beam in fig. 194 is 

6 ft. long measured from 
the support at the left hand, 
where the end is assumed to 
be held down by a weight 
to counterbalance the load at 
the other extremity. Prac- 
tically this case is the same 
as that of a beam resting on 
two supports (Ex. 3), only 
that the moments are inverted 
or negative. Therefore by 
Rule 7 we have the maximum 
Fig. 194. bending moment 




M = 4 X 6-^4=6 foot-tons. 

In arriving at this result the load has been doubled because 
there are really two weights, one at the free end and the 
other at the left-hand support. 

This beam might be regarded as consisting of two canti- 
levers, each 3 ft. long, fixed at the middle and loaded at 
the* two free ends. Taking this view of the case, the 
maximum bending moment is found by Rule i. 



Thus : 



M = W/ =2 X '>i^=^(i foot-tons, as before. 



Ex. 9. — Beam with both ends fixed, and loaded at the 
centre. — When a beam is fixed, so that the ends are 
prevented from curving under the influence of a load, its 
strength is considerably increased. This condition is rarely, 
if ever, completely attained in practice. There are two 
points of contrary flexure in a beam of this class, situated 
one quarter of the length from each support, and at each ot 
these points there is theoretically no bending moment. 
We may therefore regard the beam as consisting of three 
separate parts — a central beam and two cantilevers. Re- 
ferring to fig. 195, the central part = J/, and as the total 



fiEriDlNti MOMENT — SMEARING FORCE. 



199 






^ 






u^ 
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length is 6 ft, and the load is 2 tons, we have for the 

central part M^^ = (W x |/) -r- 4 (17) 

^=* (2 X 3) -T- 4 =* 1*5 foot-tons. 

Each of the two end parts supports half the total load and 
is of the length \l\ therefore 

M,^ = |Wx \l (18) 

= 1 X 1*5 = 1*5 foot-tons. 

The diagram of bending moments (fig. 195) is constructed 
in a manner similar to those in figs. 187 and 189, the three 
triangles being drawn upon a 
line representing the length of 
the beam as shown in fig. 195. 
If the bending moments were 
calculated in terms of total weight 
and total length, the rule for all 
three parts would become W/ -r- 
8 (as Rule 11), and it will con- 
sequently be evident that the 
strength of a beam fixed in the 
way described is exactly double 
the strength of one supported 
in the ordinary manner, whose 
bending moment = W/ -r- 4 (as Rule 7). 

Ex. 10. — Beam with both ends 
fixed and loaded uniformly, — In 
fig. 196 we have a beam similar 
to that in the last example, 
but owing to the difference of load- 
ing, the points of contrary flexure 
do not come in quite the same 
positions. The length of each end 
portion from the support to the 
point of contrary flexure is '211/, 
and the central part is '578/. 
In terms of total load and total 
length, the bending moments are 
thus expressed ; 

Mce„ = W/-v-24, 



« 



Fuj. 195. 




Z^ 



^^ 




-< 



Fig 196. 

M,„d= W/-rI2 (19) 

Thus in our case we have for the maximum bending 
moments M^^, = 2x6-7-24 = -5 foot-ton, and 

M^ = 2 X 6-r 12 = I foot-ton. 
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As in the case of other beams with distributed loads, the 
diagram of bending moments is formed by a parabolic 
curve. The strength of a beam fixed and loaded in the 
manner described is 1*5 times that of a similar beam 
supported in the ordinary manner. 

Ex. 11,— CcnttKuous beam of two equal spar.s uniformly 
loaded. 



w; 



w. 
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The beam illustrated in fig. 197 has two spans of 6 ft., 
each carrying a uniformly distributed load of 2 tons. 
Assuming the ends are not rigidly fixed, we may 
regard each span as consisting of two portions — (i) a beam 
supported at both ends, and extending from the abutment 
to the point of contrary flexure, occurring at |/ from the 
abutment ; and (2) a cantilever extending from the central 
pier to the point of contrary flexure. The moments for 
these parts are readily found by considering the proportion 
of weight which each section of the beam has to carry. 
In terms of total load and length for each span the maximum 
bending moments are : — 

(i) M = 9W/^i28 (20) 

(2) M = W/-T-8 (21) 

In the beam now under consideration, the moment of 
the portion adjoining each abutment is 

M = (9 X 2 X 6)-M28 = '8437 foot-ions, 
and of the cantilever part at the pier the moment is 

M = (2 X 6)-r8 = 1*5 foot-tons. 

§ (a) General Conclusions. — From the above examples it 
will be clearly seen that the strength of a beam depends 
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very greatly upon the system of loading adopted. In some 
cases the strength is very much less than that of a beam 
with a uniformly distributed load, whilst in others a con- 
siderable accession of strength is evidenced. The obvious 
lessons to be learnt are that the conditions to which a beam 
is intended to be subject should always be fully considered, 
and that tables of calculated safe loads are only to be relied 
upon if the working conditions are to be the same as those 
assumed for the purpose of calculation. 

91, Definition of Shearing Force,— Shearing force 

in a beam tends to cut the beam asunder, and is developed 
by the downward action of the load and the upward reaction 
of the support or supports. Consequently, the maximum 
shearing force F must be at the abutments of beams sup- 
ported in the ordinary manner, and at one or more of the 
piers of a continuous beam. 

§ (a) Positive and Negative Shearing Force. — It is con- 
venient to differentiate between positive and negative shear- 
ing force. The diagrams contained in figs. 187 to 197 
conform with this distinction, and it will be understood 
that in every case the shearing force in tons is equal 
to the supporting force P or Q at the corresponding 
abutment. 

Referring to the diagrams in figs. 187 to 197, it will be 
noticed that whenever the load is concentrated^ shearing force 
is constant throughout each portion into which the diagram 
is divided by the transverse section, and that a sudden 
change of force appears to take place in each beam at the 
point where the load is applied. This does not mean that 
two different values exist at a single section of the beam, 
for there can be but one value at each place under any given 
system of loading. The abnormal condition apparently 
indicated is entirely owing to the assumption that the load 
is applied at a point, whereas in practice any load, however 
concentrated it may be, must occupy some finite length 
over which the transition from positive to negative shearing 
force is gradually manifested. 

Referring again to the diagrams, we see that when the 
load is uniformly distributed, the positive and negative 
shearing forces gradually diminish from the abutments to a 
point imniediately b^low the centre of gravity of the load 
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in the case of a beam supported at each end, and to the 
free end in the case of a cantilever. 

§ {b) Shearing Force in Encastre and Continuous Beams, 
— When beams with fixed ends or encastre hesims (figs. 195, 
196) and continuous beams (fig. 197) are examined, it 
will be observed that the portion which behaves as a 
beam on two supports is also subject to shearing forces 
diminishing from the points of contrary flexure to the centre. 
The lines denoting this decrease of force towards the centre, 
or increase of force away from the centre, serve, when con- 
tinued, to delineate the shearing force of the end portions 
of the beam. These end portions, as we remarked in the 
last chapter, are practically cantilevers, although, as they 
have to carry the central load as well as their own, the 
minimum shearing forces at the points of contrary flexure 
do not fall to zero, but to the intensity corresponding with 
that at the ends of the central portion. Similar analytical 
consideration will enable the student to ascertain the extent 
of the shearing forces in beams such as those drawn in figs. 
192 and 193. 

§ (c) Connexion between Shearing Force and Bending 
Moment. — A clearly defined connexion exists, and is readijy 
traceable, between bending moment and shearing force. 
Thus, taking the supporting force P, and the maximum 
shearing force F, we have P = F. In the case of a canti- 
lever, W = P = F, and the maximum bending moment 
M = W/. Therefore 

M = F/, and F = M -^/ (22) 

92. Modes of Calculation, — The rules given in 
Art. 86, §«, for finding the values of the supporting 
forces P and Q at the abutments also serve to indicate the 
maximum shearing forces. 

In the majority of cases the maximum shearing force is 
all that need be studied, but there are some structures in 
connexion with which it is desirable that the shearing 
force throughout the length of a beam should be known 
and duly considered. The mode of calculation then 
adopted is indicated by the following examples : — 

Cantilever uniformly loaded, — Let iv = unit weight per 
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foot ; then at any section at the distance x from the support 
of a uniformly loaded cantilever, the shearing force, 

F^=«'(/-a) (23) 

Ex. 12. — Assuming the cantilever, as in fig. 188, to be of 
6 ft. length, the total load W to be 2 tons, and the distance 
A* to be 3 ft.; then the unit weight per foot, a; = (2-^6) 
= '^;^. Hence the shearing force, 

Fx = '33 (6 - 3) = I ton. 
Ex. 13. — If the point A*, in the same beam, under the same 
load as that stated above, be 6 ft., then 

F:r=-33(6-6)=o. 

Beam supported at both ends and uniformly loaded, — Here 
the shearing force at any section at the distance x from 
either abutment is 

^\ = '^{h^'x) (24) 

Ex. 14. — If the point x^ in the beam drawn in fig. 190, be 
2 ft. distant from the left-hand abutment, the span being 
6 ft. and the unit weight '^t, ton, then the shearing force 

Fx = -33(3-2) ='33 ton. 

Ex. 15. — In the same beam, if .v:=: ^/, the value of 

^.---'33{3-3) = ^' 

93. Beams of Uniform Strength. — Many books of 

reference contain plans and elevations representing beams of 
uniform strength in which the cross sections are varied 
according to the bending moments due to the loads. 



ooooooooo 






Fig. 198. 




Fig. 198 is reproduced from one of these drawings indi- 
cating diagrammatically the proportions of a beam of 
uniform strength and breadth. It should be remarked, 
however, that no account is here taken of shearing force 
which may be calculated by rule 24, 
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Fig. 1 99 represents the correct theoretical and practical 
proportions of a similar beam, and in this diagram due 
provision has been made for the effect of shearing force in 
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Fig. 199. 




addition to that of bending moment. Beams such as this 
are frequently to be observed in structural work, and in the 
fire-bar of a steam boiler the student will find a familiar 
and homely example. 

94. Summary of Points relative to External 

Forces. — With regard to the manner of beam-loading, we 
find 

(i) That it affects the design of the supporting walls, 
columns, and foundations ; 

(2) That it exercises a marked influence upon the 
development of bending moment, which is really a multi- 
plication of the direct force of the load ; and 

(3) That it is responsible for different manifestations of 
shearing force from case to case. 

These three questions of external load, bending moment, 
and shearing force are, of course, applicable to all beams, 
whatever be the material of which they are composed. 

Finally, if the student will consider the diagrams of 
bending moments previously given, he will see how sugges- 
tive is each figure of the shape most suitable for the 
proper support of the load, although, in practice, the exact 
dimensions must depend upon the strength and form of the 
material and the weight to be carried. In these diagrams 
may be traced the outlines of many familiar engineering and 
architectural details, the accuracy of whose general propor- 
tions can be gauged by their degree of correspondence 
with graphical diagrams representing combinations of 
bending moments and shearing forces. 



INTERNAL STRESSES — STRENGTH OF BEAMS. 



205 



CHAPTER XVI. 

INTERNAL STRESSES. STRENGTH OF 

BEAMS. 

95. Bending Stress. — Transverse or bending stress 
is directly due to bending moment, and, as pointed 
out in Art. 23, it is composed of tensile and compressive 
stresses. Take the case of a beam supported at both 
ends and loaded uniformly. Concurrently with the 
bending moment produced there must be deflection, 
causing the upper part of the beam to b3 compressed and 
the lower part to be stretched. Thus we have compressive 
stress and tensile stress, the amounts of which at any 
section are proportionate to the amount of the bending 
moment. As compressive stress consists of push, and 
tensile stress of pull, there must be a neutral axis in the 
beam where the opposing forces are reduced to zero. 

§ (a) Areas of Tension and Compression. — Fig. 200 shows 
part of a beam, and the neutral axis is indicated by a full 

a c b 




line passing through the centre of gravity of the section. 
^ Let the lines a a^ b h enclose^ a portion of the beam 
before bending, and let the lines a a^ c c enclose a por- 
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tion after bending; then the triangles represent areas of 
compression and tension respectively, each of equal value 
and together forming a couple. Within the elastic 
limit the stresses and their correlative strains are dis- 
tributed in the uniformly varying manner implied by the 
triangles (fig. 200), but when the beam is over-strained, 
and if the elastic limit be higher for compression than for 
tension, the neutral axis may assume a new position, as 
shown by a dotted line in the figure, and the stress dia- 
grams will probably take irregular forms such as those 
enclosed by the dotted triangles. Turning now to fig. 201, 
we have part of a beam in which deflection is much 
exaggerated, so that the figures representing stresses may 




Fig. 201. 



be of intelligible dimensions. At the middle of the beam, 
where bending moment reaches a maximum, the stresses 
are greater than those indicated at two adjacent points, and 
very much greater than those suggested by the pair of 
triangles to the extreme left, which look almost like a single 
line of uniform thickness. At the ends of the beam, not 
shown in the figure, where bending moment becomes a 
minimum, the stresses, of course, cease to exist. Several 
couples are drawn at the middle of the beam with the 
object of showing the overlapping areas of compressive 
stress due to shortening of the upper part of the beam, 
and the equivalent areas of tensile stress caused by 
lengthening of the lower part of the beam. The neutral 
axis, it should be observed, retains its original length, and 
is therefore exposed to no stress of any kind. 

§ {b) Distribution of Stress. — Inasmuch as compressive 
stress results from shortening of the parts above the un- 
altered neutral axis, and as tensile stress is due to length- 
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ening of the parts below the neutral axis, it is evident that 
the stress on any longitudinal layer of the beam must be 
proportionate to the distance of the layer from the neutral 
axis. The incidence of stress is consequently demonstrable 
by the application of geometrical principles. For the 
purposes of our present inquiry, the following method is 
more suitable. In fig. 202 let p denote the intensity of 




Fig. 202, 

compressive fibre stress, and p^ the intensity of tensile 
fibre stress. Then at any transverse section x^ of a beam, 
and at any distance h from the neutral axis — 

^ = M//-r-I and/i = M/fi-7-I (i) 

Here M = bending moment at the section at, and I = 
moment of inertia of the beam, assuming it to be of uniform 
section, as is usually the case. 

96. Greatest Moment of Inertia. — Rules were given 

in Table LVII. for finding the horizontal or least moments 
of inertia for various sections used as columns, but the 
moments then considered were those in respect of the axis 
about which bending was most likely to occur. A beam is 
almost invariably disposed so that its greatest strength is 
opposed to bending moment. Therefore the vertical or 
greatest moment of inertia is appropriately used in 
calculations. 

§ (a) Rules for Calcuiafion. — ^Table LXX. contains rules 
for ascertaining the greatest moments of inertia for various 
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§ (b) Suitable forms of Beam section^ — A consideration 
of the foregoing statement, perhaps aided by a few 
experimental calculations, will serve to indicate, though 
not completely, what forms of beam section are good 
and what are bad. For instance, as the fibres at the 
top and bottom surfaces suffer the most severe strain, whilst 
those near the neutral axis suffer very little, it is evident 
that any solid beam of rectangular section must contain a 
proportionately large quantity of absolutely useless material. 
A solid beam of circular section, having a still greater pro- 
portion of its material concentrated near the neutral axis, 
would be much more wasteful than a rectangular beam. 
The economic advantage of a deep and narrow rectangular 
beam over one of square section becomes obvious when 
we consider that when the area is constant the stress 
for a given bending moment varies inversely as I, 
the governing factor in which is depth. In order 
that the form may be suitable for the resistance of 
compressive and tensile stresses developed by bending 
moment, the material should be concentrated at the 
places where stress intensity is greatest. Tlierefore a 
Hanged beam of I-section, having the bulk of the material 
at a distance from the neutral axis, is to be recommended. 
Part of the bending monjent falls upon the web, but the 
bulk is taken by the flanges, one of which is in compression 
and the other in tension, and in well-designed beams the 
stress intensity at any given section is approximately 
uniform over the whole of each flange at that section. In 
every case, the sectional areas of the compression and 
tension flanges should be inversely proportional to the com- 
pressive and tensile strength of the material. Beams of 
wrought iron and steel have flanges of equal sectional area, 
because F^, is approximately equal to F,; but cast-iron 
beams, including members called by other names though 
really constituting beams, must be differently proportioned. 
For cast iron F^ has an average value of 50 tons, and F^ an 
average value of 8 tons. Therefore the ratio 6*25 : i governs 
the relative areas of the compression and tension Ganges. 

97. Distribution of Shearing^ Stress— Before we 

can fully realise the correct theoretical proportions of a beam 
it is necessary to know in what manner the distribution ol 
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shearing stress takes place over the seclion. In a longi- 
tudinal section shearing stress varies from point to point with 
the shearing force (Art. 91) ; and in any cross-section the 
iiitcnsityofshcaring stress attains its maximum value at the 
neutral axis, and falls to zero at the top and bottom of the 
section. In a beam of rectangular section the maximum 
value is one and a half times the mean intensity. In a 
properly designed I-beam shearing stress is approximately 
uniform throughout the web, whilst very little is experienced 
in the flanges owing to their much greater width and 
greater distance from the neutral axis. 

98. Considerations Affecting the Design of 
Beams- — We have already shown that part of the bending 
stress in a beam of I-=cction must necessarily be resisted by 
the web, therefore the strength of this part must be sufficient 
to withstand the combined effect of bending and shearing 
stress, the former of which increases as the flanges are 
approached. Hence the web should be additionally strength- 
ened in such regions, and, moreover, it must in no part be 
too tliin to resist buckling due to compressive stress. 
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Fig. 210. Fig. 211. 

Fig. 2 10 is a sketch of a rectangular beam where bending 
stress is indicated by shaded triangles, shearing stress by 
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narrow triangles in the centre, and waste material by the 
unshaded parts outside the stress diagrams. Fig. 211 
shows an I-beam to which the stress areas from fig. 210 
are applied. Both of these diagrams are purely hypothetical, 
but they show that the I-section fairly complies with the 
assumed conditions, the only parts where strength is lacking 
being the ends of the web adjoining the flanges. 

If a beam were designed in strict accordance with the 
principles we have now very briefly reviewed, it would 
present the following characteristics : — 

1. Breadth and depth throughout the length would be 
proportionate to variations of bending and shearing stress 

, from point to point. 

2. The form of cross-section would diminish towards the 
neutral axis until the thickness at the centre became little 
more than that sufficient for the resistance of shearing stress. 

Features such as these are to some extent evidenced in 
large girders employed on important engineering works, 
but in ordinary structures beams are usually of uniform 
section, more or less preserving the essential qualities of 
the I-beam, which we have seen conforms to a very con- 
siderable degree with the conditions necessary for strength 
and economy. 

99. The Principal Stress Occurring in Beams.— 

Stress resulting from bending moment constitutes the chief 
factor in problems relative to the practical strength of 
beams. The essential nature of a beam is such that some 
amount of bending stress must always be present, for even 
in the absence of any other weight, that of the material 
itself is really a load. Theoretically, there is no maximum 
limit to the amount of bending moment, but practically 
the maximum is attained when the breaking point of the 
beam is reached. The value of M, the bending moment for 
any given beam, may represent the effect under any of the 
following conditions : 

(i) Under an ascertained working load ; 

(2) Under an estimated load ; 

(3) Under a load sufficient to break the beam. 

§ (a) Moment 0/ Resistance, — Bending moment, regarded 
as the resultant of downward forces^ is opposed by the 
resultant of upward forces in the beam, and known as the 
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mofnent of resistance. This we will denote by the symbol R. 
Then in every case M = R (2) 

As the moment of resistance always balances the bending 
moment, R equals the degree of resistance called into play 
in any specific case. 

In Art. 90 we found the equations representing bending 
moment under certain specific conditions; but, speaking in 
general terms, it may be said that M is equal to weight 
multiplied by length, or W/^ 

Similarly, we may now say generally that R is equal to 
strength multiplied by breadth and depth. In order that a 
more convenient expression may be found for the value of 
R, (i) let the element of strength be represented by (F), 
the ultimate tensile or compressive fibre-stress at the dis- 
tance {hi) from the neutral axis ; and (2) let the element of 
breadth and depth be represented by (I), the moment of 
inertia (Art. 96). 

Then, 

R=FI-^^ (3) 

But M is equal to R, consequently M = FI -r ^. 

Hence 

F = M^^I (4) 

§ (Jb) Intensity of Fibre-stress, — The load W is not always 
sufficient to occasion the bending moment which would break 
a beam, and in such a case R would not represent the ultimate 
resistance of the beam. Therefore the fibre-stress could 
not be equal to F, which is the ultimate strength, and we 
will use the symbol p to represent the prevailing intensity 
of fibre-stress. Of course it may be that the actual stress 
will be such that/^=Fj or F^, and although this condition 
is never intentionally caused in structural work, it is 
frequently assumed for the purpose of calculation. In 
the case of cast iron it would be necessary to distinguish 
between tensile and compressive stress. (Art. 96, ^b.) 
As we shall be chiefly concerned with wrought iron end 
steel, which are practically isotropic (Art. 24§^), needless 
complication will be avoided by using the symbol / to indicate 
fibre-stress under all conditions. The above-mentioned ex-» 
pressions can therefore be written in the following terms : — 

Bending moment, in inch-tons, 

M = V./, (5) 
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Moment of resistance, in inch-tons, 

R=pl-^h (6) 

Unit-stress on the extreme fibres, in tons, 

p = Mh-^l (7) 

We are now furnished with equations by the aid of which 
the strength of a beam under any system of loading, and 
the intensity of fibre-stress at any distance h from the 
neutral axis should be calculable, providing the values of M 
and I be known. The precise expression for M under any 
given conditions must be taken as in Art. 90. 

§ (c) Modulus of Transverse Rupture. — Some beams, chiefly 
those of solid rectangular section, behave in an unreasonable 
manner when exposed to transverse stress. Hence the 
hypothetical stress / was invented by the late Professor 
Rankine, and was called by him the modulus of transverse 
rupture. This quantity is represented thus : — -/=: M, /{ -r I, 
where M^ is the amount of bending moment which is 
sufficient to rupture the beam. Reference to the modulus/ 
was made in Arts. 27 and 29 § r, and we now append in 
Table LXXI. some values for beams of different kinds. 



Table LXXI. — Approximate Values of the Modulus of Trans- 
verse Rupture for Beams of different kinds. 



Section of B.am for each Material. 


Values ofy in 
tons. 


Cast Iron. 


• 


Rectangular bars (not exceeding i in. wide) 

,) ,, (3 in. wide)... 

Round bars ( I in. diameter) 

>» )) \2 m. )) ) ... ... 

I-beams (according to section) from 

)) ), to 


20 4 

13-5 
23-0 

20 -O 
15-0 


Wrought Iron. 




Rectangular bars 

**i-'Cdlll5> ••• •»( '•% ••• act ••• ••• 

T-bars, wi.h flange at top 

>) )) ), bottom 


23-0 
27 
24 
230 


Steel. 




Rolled rectangular bars 


51-0 
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The modulus/ cannot be r^arded as a desirable factor, 
because its value is only to be ascertained by experiments, 
and there arc different values for beams of the same material 
according to the form of section. In the absence of a better 
aid to calculation, the modulus of transverse rupture is of 
value, and if it were not used, the excess of strength given by 
ordinary rules would inevitably lead to considerable waste 
of material. 

Although the use of the solid rectangular form is chiefly 
restricted to timber beams, yet there are often occasions 
when bars of cast and wrought iron are employed in such 
a manner that they arc essentially beams. 

100. The Strength of Solid Rectangular Beams. 

— In calculating the strength of solid rectangular beams the 
expression R=^ l-r-h may be simplified, and instead of p 
we must use /, the modulus of rupture. • 

As I = bd^-v- 1 2, and // = d-r- 2, we find that 

R=/ bd^-r-6 (8) 

And if the section of the beam be square, we have 

R-^/t^-i-6 (9) 

>5 (a) Examples. — Ex. i : A cast-iron bar of solid rect- 
angular section, 2 in. breadth by 3 in. depth, rests upon 
two supports placed 60 in. apart. Find the weight which 
will break the bar, assuming the load to be concentrated at 
the centre, and the value of /to be 13 tons. Here 
R=/bd^-~6 = {i^ X 2 X 9) -^ 6 = 39 inch-tons. 
Again, M :i^ W/,, the precise expression for which by 
Rule 7, Art. 90, is W/-r4; hence 

M==Wx6o-r4= 15W inch- tons. 
As R = M ; 39 inch-tons = 15 W inch-tons, and W = 39 
-r 15 = 2*6 tons, the required breaking weight. 

Calculating the above example by the same rule, but using, 
instead of/, the ultimate tensile strength F^ of the material, 
say 8 tons, we arrive at a very different result : — 
R == (8 X 2 X 9) -7- 6 = 24 inch-tons ; 
M = Wx6o-f4=i5W inch-tons; 
and for the breaking weight we have 

W = 24-^-15= I -6 tons. 
This load would not, as a matter of fact, cause failure of 
the bar unless the distance between the supports were 
increased to 97*5 in., when the bending moment would 
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be responsible for a stress equal to 13 tons, which in this 
case is the value of/, the modulus of rupture. 

Ex. 2. — A wrought-iron bar of solid section, 2 in. square, 

rests upon two supports, placed 60 in. apart. Find the 

weight which will break the bar, assuming the load to be 

concentrated at the centre, and the value of /to be 23 tons. 

Here 

R =/5>'' -^6 = (23x8) -7-6 = 30*66 inch-tons ; • 
M = Wx6o-T-4=:i5W inch-tons ; 
and for the breaking weight we have 

W = 30*66 -M 5 =: 2*044 tons. 
If calculated on the basis F< = say 20 tons, the following 
incorrect result would be obtained : — 

R = (20 X 8) -f 6 = 26*66 inch-tons ; 
M = 15 W inch-tons; 
and 

W = 26*66-M5 = 1*77 tons. 
Again, this weight would be insufficient to cause rupture 
of the bar. 

lOI, The Strength of I-Beams,— When a material 
such as wrought iron or mild steel, in which the values 
of F^ and F,, are approximately equal, is manufactured in 
the form of an I-beam, where the web is thin and the 
flanges constitute the chief part of the sectional area, the 
modulus of rupture is found to differ very little from 
F, or F„. Consequently, all calculations relative to strength 
may be based on rules which accord both with theory and 
with practice. 

§ (a) Characteristics of some Section Books, — Reference has 
been made in a previous chapter to the probability that 
erroneous conclusions may be drawn from the accurate 
information contained in some of the commercial section 
books published in this country. In these books the 
estimated safe permanent distributed loads are given for 
various simple and compound joists and girders, but the 
factor of safety is only occasionally stated. Sometimes the 
loads are calculated on the assumption that the ends of the 
beams will be firmly fixed. This stipulation is usually 
stated in a foot-note of the most unobtrusive character, 
which may be very easily overlooked. As the condition 
of fixity is rarely attained in practice, it is very undesirable 
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that it should be indiscriminately adopted in calculated 
data, because it may lead to serious misunderstanding. 
Again, there is often a foot-note stating that in no case 
should the span exceed 20 or 22^ times the depth of the 
joist. This is a very proper stipulation, having for its 
object the avoidance of excessive deflection. But if the 
compilers of these books expect the rule to be observed, it 
seems unnecessary that they should print long lists of safe 
loads for spans which it is stated ought not to be employed. 
If these various pitfalls are to be avoided considerable 
care is necessary, and in many cases it will be less trouble 
for the architect to make the calculations entirely on his 
own account. For this purpose very little information is 
obtainable from the ordinary mercantile hand-book, for 
the moments of inertia and of resistance are seldom stated, 
and even the ultimate strength of the material is not in- 
frequently a matter for conjecture. There are one or two 
section books to which these criticisms do not apply, and 
from one of which the beams mentioned in the following 
examples have been selected so that all the dimensions 
quoted shall be practical instead of supposititious. 

§ (b) Mode of CalculaUon. — In the following examples it 
is required to find the safe load per lineal foot, under 
different systems of loading, for a rolled steel joist of the 
following dimensions: — Breadth 5 in., depth to in., web 
thickness '48 in., mean flange thickness 6 in. ; ultimate 
strength of steel, F,' = 32 tons per square inch. By the 
rule in Table LXX., the moment of inertia for this section 
I = 159*97 ; or say 160, to simplify our explanatory calcu- 
lations. By Rule 6, R = / I -f- A ;' / being in this case 
equivalent to F^ or F^, which is 32 tons ; h = cl -i- 2 = 5 in. 

Consequently, for the moment of resistance of the sec- 
tion we have 

R=: 32 X 160 -j- 5 = 1,024 inch-tons. 

Sometimes the moment of resistance is expressed in square 
inches, being represented by I -r- /r, so that it may be used 
for any variable value of F<. We shall use the symbol R 
to denote the moment of resistance in this form. In our 
case 1 — ^=32, and as Fj=32 tons, 

'R=R X 32 = 1,024 inch-tons, as before, 
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Having settled these preliminaries, we can readily find 
the safe load under different systems of loading. 

Ex. 3. — Uniformly distributed loady beam supported both 
ends : — 

By Rule 1 1 (Art. 90), 

M=W/-^8=Wx i2-r-8=i-5 W inch-tons; 
and as M=R, 1*5 W inch-tons= 1,024 inch-tons; 
hence, W=i,o24-M*5=682*6 tons. 

Using a factor of 5, the safe load would be, say, 136*5 
tons. If the ends of the beam could be rigidly fixed, the 
load might be increased by 50 per cent. (Art. 90, Ex. 10). 

Ex. 4. — Concentrated load in centre, beam supported at both 
ends : — 

By Rule 7 (Art. 90), asM=W/-f-4, the safe load must 
be half that found in Ex. 3 above, or say 68*25 tons. If the 
ends of the beam could be rigidly fixed, the load might be 
increased by 100 per cent. (Art. 90, Ex. 9.) 

Ex. 5. — Cantilever uniformly loaded : — 

By Rule 5 (Art. 90), M=W/-r 2, and the safe load must 
be one-fourth that in Ex. 3, or 34*125 tons. 

Ex. 6. — Cantilever loaded at free end : — 

By Rule i (Art. 90), M=W/, and the safe load must be 
one-eighth that in Ex. 3, or 17*06 tons. 

The simple cases taken above show clearly how the safe 
load for a beam may be calculated for a unit length of i ft. 
To find the safe load for any desired span, it is only neces- 
sary to divide the load per unit length by the length of the 
span in feet. Summarising the results obtained above, we 
have the following tabular statement : — 



Safe Loads in Tons for Steel I-beam, Size 10 in» by 5 in, 
R=i,024 inch-tons. Factor of safety=5. 



Type of Beam. 


Distributed Load. 


Concentrated Load. 


Span I ft. 


Span 10 ft. 


Span I ft. Span lo ft. 


Supported at both ends 

Ends rigidly fixed 

Cantilevtr 


136-5 
20475 
34*125 


13-65 
20-475 
3*412 


68*25 

136-50 

r7'o6 


6825 

13*650 

1*706 
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§ {c) Comparison of ^^ Safe" Loads. — These figures ob- 
viously point to the necessity for the most careful considera- 
tion with regard to the manner in which any beam is to be 
used, and with the object of further emphasising the point, 
we append the ** safe " distributed loads for lo-in. by 5-in. 
beams of lo-ft. span, as given in the hand-books of four 
different firms : — 



Weight 
per ft. 



lbs. 
(A) 29 



(A») 30 
(B) 30 
<C) 

(H) 



30 



5 



Fr 



Ends. 



tens 



28-32 



query 



}) 



28-32 



Fixed 



query 
supported 




Distributed 

" Safe Load." 

fixed ends. 


Load for 

Supported Ends, 

Factor 5. 


20*9 


, 1, 


U^'S4) 


s-3 


18-66 
18-66 


12 '4, perhaps 7 '46 
1 2' 4, „ 7-46 


18-31 


i2'2, „ 7-32 
13-65 



The statistics in the foregoing table constitute a very 
interesting exam{)le of commercial mathematics, by the 
aid of which it will be observed the least desirable sections 
are made to appear the most desirable. Only in one case 
are the figures entirely satisfactory. In calculating the 
loads for supported ends, printed in italics, we have as- 
sumed that a factor of 5 was originally employed, except 
where the factor is stated. If the factor of 3 is involved 
in the uncertain cases, the smaller loads in the last column 
will be those which should be used for the purpose of 
comparison. The steel in examples A\ B, and C is 
presumably of foreign manufacture, and such sections are 
largely bought by those who imagine them to be much 
chjaper than British sections. No particular harm can 
be done if care be taken to use foreign sections which 
are equal to British sections in strength, but beams of 
insufficient strength may easily be selected in the 
absence of critical comparison. 

102. Beams suitable for Given Loads. — Hitherto 

we have assumed the dimensions of the beam to be 
known, and the load to be unknown. As these con- 
ditions are converse to those usually obtaining in practice, 
it will be useful to select examples in which the load and 
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the system of loading are known, and from these data to 
ascertain the dimensions of the required beams. The 
operation is readily performed by the aid of a section book 
stating for each section the ultimate strength of the material 
and the values of the moments of resistance. 

R = (F,xI-r^), ovR=^{lfh). 

The latter values may be specially calculated if desired, 
but it will save trouble to obtain a hand-book in which 
one or the other is given. For the purpose of preserving 
continuity in our inquiry, and of avoiding unnecessary 
repetition, the following examples are based as far as 
possible upon those in Art. 90. A factor of safety of 5 
is applied throughout ; the ultimate strength of the material 
is taken at 32 tons per square inch, and suitable standard 
sections are selected from the hand-book of Messrs. Dorman, 
Long & Co., Ltd., of Middlesbrough. The weights of 
tlie beams are not taken into account, and M = maximum 
bending moment in every case. 

§ (a) Calculaiioiis, 

Ex. 7. — Cantilever 6 ft. long, having a load of 2 tons 
at the free end. M=i2 foot-tons=i44 inch-tons. As 
M=R, the moment of resistance of the section selected 
should be 144x5 = 720 inch-tons, or 72o-^32 = 22•5 
square inches. Referring to the table of joists in the 
section book, we find the nearest approach to our require- 
ment is represented by a section- measuring 8 in. x 5 in., 
whose moment of resistance R is 23*46 square inches. 
This will give a slight surplus of strength. 

Ex. 8. — Cantilever 6 ft. long, having a load of 2 tons 
equally distributed over the whole length. M=6 foot- tons 
= 72 inch-tons. R should be 72x5=360 inch-tons, or 
/?=ii'2 5 square inches. In this case the most suitable 
section measures 7 in. x 3I in., and its moment /?=ii*99 
square inches, again giving a small surplus of strength. 

Ex. 9. — Beam supported at both ends, span 6 ft. and a 
concentrated load of 2 tons in the centre. M=3 foot- tons 
=^6 inch-tons; hence R should be 36x5 = 180 inch- 
tons and i?=5*62 5 square inches. The section whose 
moment of resistance is nearest to this measures 4|in. X 
3 in., and the value of/? is 5*68 square inches. 
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Ex. 10. — Beam supported at both ends, span 6 ft., uniform 
load 2 tons. M = 1*5 foot- tons = i8 inch-tons. R should 
be 18x5 inch-tons, and R=2'8i2 square inches. The 
smallest section fully complying with the required con- 
ditions measures 3^ in. x 3 in., and its value of R=3*35 
square inches. 

Ex. II. — Beam supported at both ends, span 6 ft, con- 
centrated load of 2 tons placed 2 ft. from left-hand abutment. 
M=2*66 foot-tons=3i'92 inch- tons. R should be 31*92 
X 5 = 159*6, and R=4'gS square inches. The nearest 
section for use is a 5-in. x 3-in. size, and its value of R=5*46 
square inches. 

Ex. 12. — Beam supported at both ends, span 6 ft., 
two loads of I ton placed 2 ft. from right and left-hand 
abutments. M = 2 foot-tons — - 24 inch-tons. R is to be 
24x5 = 120 inch-tons, and R to be 375 square inches. 
Ihe selected joist measures 4 in. X3 in., and its value of 
7? = 4* 5 1 square inches. 

Ex. 13.— Beam supported at both ends, span 6 ft, total 
load 2 tons, made up of three separate leads at various 
points. M = 286 loot-tons =34*32 inch-tons, R= 34*32 x 

5 = 171*6 inch-tons, and R=y^6 square inches. A 
5-in. X 3-in. joist whose moment of resistance in square 
inches=5*46 is most suitable in this case. 

Ex. 14. — Beam supported at both ends, span 6 ft, load 2 
lens distributed over a length of 2 ft in the middle portion 
of the span. M=2*5 foot- tons = 30 inch-tons. R must be 
1 50 inch-tons, and R=4'6S square inches. The best section 
for this case measures 5jJ in.X2 in., and its value of R= 
4*69 square inches. 

Ex. 1 5. — Beam supported at one end and at centre, span 

6 ft., with a concentrated load of 2 tons at free end. Here 
M = 6 foot-tons ; consequently the same section as used for 
Ex. 8 is suitable. 

Ex. 16. — Beam with both ends fixed, span 6 ft, con- 
centrated load of 2 tons at centre. M = i '5 foot-tons, there- 
fore the section used in Ex. 10 is suitable. It should be 
observed that, owing to the fixity of the ends, the force 
exerted by the load is half that produced by the similar load 
in Ex. 9. 

Ex. 17. — Peam with both ends fixed, span 6 ft, uniform 
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load of 2 tons. M = 1 2 inch-tons ; R must be 1 2 x S = 60 
inch- tons, or R= 1*875 square inches. The nearest corre- 
sponding section measures 4 in. x i| in., and its value of 
R=2'^S square inches. Owing to the ends being fixed, 
the force exerted upon this beam is only two-thirds of that 
produced by the same load in Ex. 10. 

Ex. 18. — Continuous beam ends supported, two spans of 
6 ft., each carrying a uniform load of 2 tons. The maximum 
value of M is the same as in Ex. 10, and a similar section is 
therefore suitable. 

Some of the sections selected for the above examples are 
rather stronger than is really necessary, and in one or two 
cases it might be permissible to use a joist of slightly less 
strength, especially as the factor of 5 is taken. 

The reader may find it interesting and instructive to 
calculate the stress intensity for each example by Rule 7, 
p- M/i-r-l. Let us take Ex. 12 as an ilhistration. 

Here 

p = 24 X 2 -^ 9*03 = 5*315 tons per square inch, 
consequently the factor of safety is actually 32 -r 5*315 = 6*o2. 
If the next weaker joist had been selected, viz., 4|in. x i|in., 
^ = 3*57 square inches, the following result would have 
been obtained :^— 

^ = 24 X 2'375-r 8*48 = 67217 tons per square inch. 

This reduces the factor of safety to 32-^672i7 = 476, 
which is less than the stipulated standard, but would 
probably be satisfactory in practice. 

103- Deflection. — Deflection must always be con- 
sidered, for a beam that may be of strength sufficient for 
the support of a given load may deflect to an undesirable 
degree. In bridge girders deflection is usually supposed 
to vary from y^^ to -2^^^ of the span ; in building construc- 
tion it ought not to exceed -^^ in. per foot of clear span, 
though the maximum is sometimes stated as -^jj in. If the 
span does not exceed twenty times the depth of the beam, 
deflection will be sufficiently prevented. 

§ (a) Method of Calculation. — In the following rules for 
the determination of deflection the following symbols are 
used : — D = deflection in inches, W = load in tons, / = length 
of span in inches, E— modulus of elasticity (12,000 tons for 
steel), I = moment of inertia of beam : — 
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Beam supported at both ends, single load at centre, 

D=W/3-^48EI (lo) 

Beam supported at both ends, uniform load, 

D=W/'-r76-8EI (ii) 

Cantilever, single load at free end, 

D=W/«-^3EI (12) 

Cantilever, uniform load, 

D=W/=^-r8EI ........ (13) 

The deflection resulting from a combination of loads can 
be found by considering the deflection due to each separate 
load and adding the amounts together, as in the case of 
bending moments. 

Example 19. — Take the beam selected in Ex. 9. Here 
W = 2 tons, /= 72 in., E= 12,000 tons, and I = 13*17. 
Therefore, 

D=2 X (72)' -T- (48 X 12,000 X 13-17) = '098 in. 

This represents less than -^^ in. deflection per foot, and 
the amount is small because tlie span is little more than 
fifteen times the depth of the beam. 
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CHAPTER XVII. 

BEAM DETAILS AND CONNEXIONS. 
104. Simple and Compound Beams. — Many of the 

simple forms of section illustrated iij Table VI. can be used 
as beams, but for the reasons already stated (Arts. 96 and 97), 
the I-section is the most suitable, and at the same time it is 
generally the most convenient. There are two main con- 
siderations which justify the employment of compound 
beams — (i) the circumstance that sections are rarely, if 
ever, rolled in this country of a depth greater than 20 in., and 
(2) the fact tliat beams of the maximum depth cannot 
always be employed owing to the exigencies of architectural 
design. In either case it becomes necessary to build up 
girders from simple sections, so that the necessary strength 
may be secured without exceeding the permissible limits of 
height. Built-up girders can be treated as coming under 
one of the three following classes : — 

(a) I-beams joined together, or used singly, but strength- 
ened by plates riveted to the flanges ; 

(b) Beams formed by the combination of channels, or 
angles with plates ; and 

(c) Beams with latticed webs. 

The last-named type of beam is used in building con- 
struction when great strength is necessary, but is more 
generally found in bridges and in similar works. A lattice 
girder is essentially a framed structure in itself, and a 
complete consideration of the different forms of such 
members is beyond the scope of this treatise, partly 
because the subject is a very large one, and partly for the 
reason that we are concerned with details rather than with 
questions of design. Our discussion of beam details will, 
therefore, be limited to classes (a) and (b), 

105. Details of Compound Beams. — Two ele- 
mentary types of strengthened I-beam are illustrated by 
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figs. 212 and 213. One or more plates may be riveted to 
one or to each flange, but it would serve no useful purpose 
to strengthen the flanges beyond the limit at which the 
web could be safely used for the resistance of shearing 
stress. 






Fig. 212. 



Fig. 213. 



Fig. 214. 



A beam treated as shown in fig. 212 is well adapted 
for the support of an upper wall, because the plate riveted 
to the top flange aftbrds a bearing for the brickwork, but, 
considered on its merits as a beam, this compound section 
derives very little advantage from the enlarged area of 
the top flange, for the additional strength secured will 
not much exceed 15 per cent., whilst the cost will probably 
be increased by nearly 50 per cent. If a similar plate 
be also riveted to the bottom flange, as in fig. 213, the 
increase of strength will be approximately proportionate 
to the increase of cost. The reason why so small an 
advantage results from an increase in the sectional area 
of one flange was fully explained in Arts. 96 and 97. The 
section illustrated in fig. 214 is by no means perfect, as the 
lower flanges are not held in any wa}'. 






Fig. 215. 



Fig, 216. 



Fig. 217. 



A simple mode of joining two beams by means of tie- 
lolts and pifKj separctoi-s is shown in fig. 215. Thjs 
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arrangement is distinctly undesirable, and cannot be said 
to produce a compound girder in the true sense of the 
term. A much better mode of joining I-beams without 
plates is indicated in fig. 216, where a cast-iron separator 
is shown accurately fitting the space between the two joists 
so that a moderate degree of rigidity may be ensured; 
the use of large outside washers is recommended. 
Castings to suit all rolled I-sections can be procured, and 
should always be employed rather than pieces of pipe. 
The girder in fig. 217 has the appearance of being in 
every way a satisfactory arrangement, but it is not really so. 
It is manifestly impossible for rivets to be inserted con- 
tinuously along both of the inside flanges in the case of 
long girders; consequently there is a considerable loss of 
strength by reason of irregular distribution of longitudinal 
stress, and the beam is more or less of a shaky nature. 





J 




L JL 



Fis", 218. 



Fig. 219. Fig, 220. 



Fig. 221. 



The sections shown in figs. 218 and 219 are much to be 
preferred, as riveting can be performed in a more uniform 
and satisfactory manner. Figs. 220 and 221 are examples 
of girders built up of angles and plates. 

Fig. 222 illustrates a compound section which can be 
readily built up, though the mode of construction is 
not otherwise advantageous. There is too much metal at 
the middle, where it is of little use, and considerable 
strain must fall upon the rivets passing through the out- 
side flanges. Rigidity would, of course, be added by using 
a tie-bolt (as in fig. 215) at the inner ends of each pair of 
I-beams, but the central weight of metal would thereby be 
further increased. 
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Figs. 223 and 224 represent types of plate girders with 
different forms of stiffeners for the webs. 

Many more varieties of compound beams are made, but 
with the exception of lattice girders they do not essentially 
differ from those which we have mentioned. In every 
case where the flanges consist entirely or partly of plates, 
it should be remembered that each of the plates need 
not necessarily extend the whole length of the beam. 







1 



Fig. 222. 



Fig. 223. 




Fig. 224. 



because, as we have already seen, the stresses due to 
bending moment diminish towards the ends. In order 
that the plates may be accurately proportioned it is 
necessary that stress intensities should be known at 
several points, or throughout the length of the beam 
under consideration. Besides due attention to this matter 
consideration must be given to the proportions of rivets 
and to the loss of strength due to rivet holes and 
riveting, subjects which have been fully discussed in 
Chapter IX. 
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106. Joint Plates. — For connecting two separate lengths 
of rolled I-section, joint or fish-plates are usually employed. 
Illustrations of four typical plates are given in fig. 225. 
The area of the plate and its thickness will, of course, 
vary with the dimensions and duty of the beam. Standard 
joint-plates are made by some manufacturers to suit all 
regular sections, and the proportions of such plates are 
calculated so that the maximum possible strength may be 
obtained. Whenever practicable, joints of this nature 
should be riveted, but if, as sometimes happens, bolts 
must be used, the bolt holes should be drilled, and the 
greatest care ought to be taken to see that the bolts are 
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Fi^. 225. 

accurately fitted. Failing these precautions, the joints can 
not possibly be of a satisfactory character. 

Beams constructed largely of plates are generally built 
in the desired length at the contractor's yard, and the outer 
flange-plates are arranged so as to cover any joints which 
ire necessary. Similarly, the joints of plates forming the 
webs are covered by flat bars or by stifi'eners. 

107. Angle Brackets. — A kind of connexion more 
frequently required than any other is the joining of main 
girders with floor beams and joists. As a rule, it would 
be highly inconvenient to place one beam on top of the 
other, and the weight of one beam ought not to rest upon 
the lower flange of another, because the load would then 
be non-axial, and, moreover, the sloping and curved flange 
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does not lend itself to the support of a horizontal plane 
surface. For these reasons the rule is to connect girders 
by the aid of angle brackets riveted or bolted to the web 
of each member. Standard angle brackets are obtainable 
for all sections of rolled joists, and the use of such is to be 
recommended, as uniform spacing of the rivet holes will 
be secured for all sections of equal dimensions. 

io8. "Joggled" and Notched Joints— Several 

different modes of preparing girders for connexion are in 
general use. 



o 



Fig. 226. 




Fig. 227. 






Fig. 



229. 



Fig. 230. 



Fig. 



231- 



The transverse member may be ^'joggled" (Art. 109) at 
the bottom flange, as in fig. 226; the top and bottom 
flanges may be notched and ** joggled" respectively, as 
shown in fig. 227; both flanges may be notched, as in 
fig. 228 ; the bottom flange may be notched, as in fig. 229 ; 
or the top flange notched, as in figs. 230 and 231. 

In all these examples the chief support is afforded by the 
angle brackets and the webs, although the under part of 
one beam is usually shaped so that it is partly supported 
upon the lower flange of the other. 

§ (a) Avoidance of Torsional Stress. — A better plan is to 
cut away the lower flange and part of the web of the 
supported girder so as to prevent any weight from being 
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thrown upon the flange of the other beam. The adoption 
of this course obviates the creation of torsional stress at 
that part of the supporting beam where the web meets the 
flange. This is the very worst place for any such strain. 
Of course, if two equally loaded small girders rest upon 
the right and left hand flanges of a larger girder, torsional 
stress of the kind mentioned will not be caused, but if the 
loads be unequal and variable, the alternations of stress 
will be of a most destructive character. 

Notched joints may not look so strong as "joggled" 
joints, but when properly proportioned angle brackets are 
used, the former type of connexion may be really stronger 
and in every way more desirable than the latter. As far 
as possible, rivets should be relied upon in preference to 
bolts, and as portable riveters, of the kind described in 
Art. 49, are now readily obtainable, there is very little 
excuse for the cDUtinued employment of bolts, except, of 
course, in spacial situations and for special purposes. 
Under the most favourable circumstances bolting can never 
be so secure as riveting, and as in building construction 
bolts rarely fit their holes properly, bolted joints, usually 
permit a degree of freedom which does not add to the 
rigidity of a structure. 

lOJ. "Joggling." — Strictly speaking, a joggled joint 
is one where a projection on one member fits any notch on 
another member, but as the term is applied to beams and 
other iron and steel sections, it is understood to imply that 
the member has been bent or forged to the desired shape. 
When a large number of bars have to be shaped, a cast- 
iron die attached to a hydraulic press affords a ready means 
of performing the work rapidly and accuratel}'. This mode 
of procedure is generally adopted in iron and steel works, 
but in small establishments joggling is generally done by a 
smith, and the work is then expensively and indiflerently 
executed. 

§ (a) Workshop Practice, — T-bars are comparatively easy 
to handle in joggling, as the web is equally supported on 
each side during the process. Channels and angles are 
not so easy of manipulation, as the vertical limbs tend to 
yield laterally when hammered, owing to inequality of sup- 
port. Moreover, it is always impossible to ensure really 
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clean, sharp work by the hammer, which is necessarily 
applied from point to point of the bend, instead of acting 
simultaneously upon the whole as occurs when a press is 
employed. Rolled I- sections cannot be readily joggled in 
the ordinary way because the web would buckle on the 
application of pressure. It is, therefore, usual to slot out a 
piece from this part, and to hammer up the flange, so that 
it shall be in contact with the edge of the web. As no 
actual connexion is generally made between the two 
parts, the so-called joint has no practical value, and the 
hammered flange simply acts as a packing plate, prevent- 
ing the web of the supported girder from cutting into the 
flange of the supporting girder. The flange might advan- 
tageously be welded to the web, but it is doubtful whether 
this is ever done in ordinary work. Speaking generally, 
it is well to avoid all working of material after it has 
left the rolling mill, because, as explained in Art. 35, 
the effect of such manipulation is inevitably to modify the 
quality of the metal, and sometimes to induce a state of in- 
ternal stress which causes a serious diminution of strength. 

1 10. •Connexion to Columns and Walls.— When 

describing and illustrating column connexions, in Art. 83, 
several diagrams were given w^hich incidentally included 
beam connexions. It is unnecessary to make further 
reference to these, as the general mode of procedure should 
be sufficiently plain. 

For the support of fireproof floors, channel sections are 
sometimes attached to columns, as shown in fig. 232 ; and 
at other times a compound girder formed of two I-beams is 
used, as in fig. 233. Various modifications of these 
arrangements can, of course, be devised to suit the 
requirements of any building. Proper care should always 
be taken to protect the metal from air and moisture, and 
due regard should be given to the essential principles of fire- 
proof construction when beams are applied in this manner. 

Girders are frequently expected to serve as ties for the 
external walls of buildings, in addition to performing the 
duty of carrying floor joists and floor loads. In such 
cases, anchors must be used, of the kind illustrated in 
Art. 64, or if preferred a pair of angle brackets can be 
riveted to the ends of the girder. One mode of anchoring 
a beam is indicated in fig. 234, 




Fig. 233. 
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III. Expansion and Contraction.— The architect 

ought not to lose sight of expansion and contraction due to 
variations of temperature. Although structural iron or steel- 
work inside a building may not be exposed to such a range 
of temperature as occurs in the open air, it is nevertheless 
the fact that a certain amount of irresistible movement 
must take place. If the ends of girders were absolutely 
fixed in the walls of a building, the structure would be 
alternately exposed to push and pull as the girders expanded 
and contracted with variations of temperature. Very 
possibly distortion of the girders might be caused .during 
expansion, thus lessening the outward thrust, but the full 
effect of contraction would inevitably be felt by the walls. 
By Table VIII. — (Appendix) the longitudinal expansion 
of steel for i deg. Fahr. is '0000068 inch ; for 50 deg. we 
have '0000068 X 50 = 00034 inch. As the extension of 
mild steel averages '00007 inch per ton of tensile stress, 
the force exerted by expansion due to a difference of 
50 deg. Fahr. is '00034^ '00007 = 4-85 tons per square 
inch. In the case of a beam having a sectional area equal to 
50 square inches, the force would be such as no wall could 
possibly resist. At the same time, the expansion measured 
in lineal inches would be small. Thus, a beam 30 ft. long, 
and exposed to 50 deg. Fahr. increase of temperature, would 
only expand '0000068 x 360 x 50 = '122 in. Even supposing 
the beam to be 60 ft. long and the range of temperature to be 
100 deg., the expansion would be less than half an inch, or 
about one quarter of an inch at each wall. If built into the 
brickwork in the ordinary manner, the necessary amount of 
clearance would most probably be available so that no 
damage could result, although movement of the walls in an 
outward direction would still be prevented. In case of fire, 
the expansion of metal work would be much greater, and 
if the beams once failed the anchors might pull in the walls, 
and thus cause serious injury to the building. 
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CHAPTER XVIII. 

FLOOR-FRAMING. 
112. Different Action of Flooring Systems,— So 

many systems of flooring are now adopted, that the work 
of designing a building is somewhat more complicated than 
it was a few years ago. Before the structural iron or steel 
work can be planned the architect must decide exactly what 
type of floor is to be employed. This course is necessary 
because the weights and forms of construction of floors 
differ very much one from another; consequently there 
must be considerable variation in the amount and nature 
of the stresses caused. Some floors merely act as dis- 
tributed loads exerting force in a downward direction, and 
others exert force or forces laterally against the girders or 
the walls of a building. In the latter case, additional 
strength must be provided in some suitable way, of which 
the architect should naturally be the most competent judge. 
Cases are not altogether unknown where buildings have 
first been designed, and plans have then been issued to 
various manufacturers of special types of flooring, so that 
each might prepare an estimate and specification of the 
floors recommended. It is to be hoped that practice such 
as this is rare, for all the parts of a building cannot be 
in complete harmony with one another if important features 
are designed by two persons, neither of whom necessarily 
understands the work of the other. 

113. Computation of Dead and Live Loads. — 

For the calculation of dead loads on floors it is necessary 
that the architect should be familiar with the weight per 
square foot of the various forms of ordinary and special 
floors, including floor beams and girders. Many of these 
can be found by calculation, and others will be readily 
furnished by the makers. Live loads must be estimated by 
the aid of assumed data, as no one can prophesy the 
^xact load whi^h will be imposed on any floor. In thjs 
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country a considerable difierence of opinion seems to pre- 
vail as to the proper allowance to be made for live loads. 

vi^ (a) Floor Loads for Different Buildings. — According to 
one well-known authority, the following provisional 
v/cights are usual : — 

(a) Dwelling-houses 140 lbs. per square foot. 

(^) Public buildings 168 ,, „ „ ,, 

(r) Warehouses 280 to 336 ,, „ „ „ 

Judging from the average suburban residence, we may 
reasonably infer that the enterprising builder has far more 
confidence in the strength and rigidity of materials than 
is implied by the above7mentioned figures. To enable the 
student to arrive at any trustw^orthy idea of the probable 
live load, it is necessary that he should make a few simple 
calculations for himself. He will then see that vague rules 
are not particularly useful, and that they are likely to con- 
duce to the waste of material on the one hand, or possibly 
to deficiency of strength on the other. Take the case, for 
instance, of an ordinary dwelling-room. The number ol 
occupants per square yard cannot well average more than 
three, and, taking the weight of each person at 1 2 stone, or 
168 lbs., the load per square foot would not be higher than 
(168 X 3) -f9 = 56 lbs. In parts of the room where bending 
moments are greatest the furniture will not weigh more 
than the persons who could occupy the same space, and 
heavy furniture is always situated near the walls where 
bending moments are smallest. Therefore, it would be 
quite safe to take the maximum live load at 70 lbs. per 
square foot. In bedrooms the load cannot well be more 
than half this amount, unless exceptionally heavy furniture 
be used. Rooms occupied as offices have to carry heavier 
loads, and provision ought to be made for at least 100 lbs. 
per superficial foot. 

In public buildings allowance must generally be made 
for vibration and oscillative stresses caused by dancing, 
drilling, or gymnastic exercises, in addition to the weight 
of the persons themselves. Experimental evidence shows 
that a square yard of floor surface will not conveniently 
afford space for more than six men weighing 12 stone, or 
168 lbs. each. If crowded together, as they would then 
necessarily be, there could be practically no movement, and 
consequently no vibration. The maximum live load is, 
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therefore, (i68x6)-f9 = ii2 lbs. per square -foot Vibra- 
tion caused by movement may be said to produce an effect 
about equivalent to that due to the weight of the persons, 
and as the weight of soldiers in close marching order does 
not exceed 80 lbs. per square foot, we can safely assume 
160 lbs. to be an adequate allowance for live load. In the 
case of churches and assembly rooms, where the occupants 
are always supposed to be seated, an allowance of 120 lbs. 
per square foot ought to be ampl}- sufficient. 

Warehouses are sometimes specially designed for par- 
ticular purposes, and if so, it is an easy matter to calculate 
what load will come upon the various floors. Frequently, 
however, warehouses are built with the intention of being 
leased to any tenants who may find the premises suitable, 
and the architect must then be sure to fix his hypothetical 
live load at an ample value. In ordinary warehouses an 
allowance of from 200 lbs. to 250 lbs. per square foot 
ought to suffice ; but if heavy machinery has to be provided 
for, the estimate should be increased to 350 lbs. or even 
400 lbs. per square foot. 

114. Beams Suitable for Given Floor Loads. — 

The determination of' suitable sections for floor girders and 
joists is by no means a difficult matter, as the two follow- 
ing examples will show. 

Example i. — Suppose that a floor has to be constructed 
for a building and is to be supported by rolled steel girders. 
The. greatest live load is assumed to be 1 50 lbs. per square 
foot, uniformly distributed ; the distance from wall to wall is 
20 ft. ; the main girders rest upon the walls, and are to be 
10 ft. apart. Small joists spaced 5 ft. apart are to be 
supported by the main girders, and these joists are to carry 
a fireproof floor, the weight of which, complete with con- 
crete, flooring boards, and ceiling, is taken at 59 Jbs. per 
square foot. In the first place, the load on one joist should 
be ascertained. The dead weight of the flooring is 

59 lbs. X (10 X 5)= say, 1*32 tons; 
the live load is 

150 lbs. X (10 X 5) =3-35 tons. 
Total, excluding the weight of the joist, 4*67 tons. 

Referring to a table of breaking loads for beams and 
using a factor of 4, or to a reliable table of safe loads in 
whi^h the ss^ine f^gtor is employed, we find a suitable sec- 
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tion for our lo-ft. span to be one measuring 7 in. x 3| in., 
the permissible load for which is 548 tons, and the 
weight is 16 lbs. per foot run. This section possesses a 
sufficient margin of strength to cover its own comparatively 
insignificant weight, which does not amount to -08 ton for 

a length of 10 ft. 

In the next place, the load on one main girder should be 
calculated. The dead weight of the fiooring is 

59 lbs. X (20 X io)= 527 tons ; 
the dead weight of five joists supporting the four floor 

spans is 

16 lbs. X (s X 10) = '36 ton; 

the live load is 

150 lbs. X (20 X 10) = 13*4 tons. 
Total, excluding the weight of the main girder, 19*03 tons. 
Referring again to the table of beams, we find a suitable 
section for the span of 20 ft. to be 14 in. x 6 in., the safe 
load for which, with a factor of 4, is 19*8 tons. Again we 
have a sufficient margin of strength to cover the weight of 
the girder itself, which is less than -51 ton for a length 
of 20 ft. 

When the weight of a beam is small as compared with 

that of the load to be carried, the surplus strength ensured 

by choosing a suitable stock section is very frequently 

sufficient to provide for the dead load caused by the beam. 

This point should not, however, be left to chance, as it 

may happen that a slightly stronger section will be found 

necessary when the dead weight of the beam is considered. 

Ex. 2. — In this case we will assume that the floor to be 

constructed is to be carried, as before, by steel girders, but 

that the flooring is to consist of timber 3 in. thick and 

weighing 42 lbs. per cubic foot. Let the live load be 

150 lbs. per square foot, the distance from wall to wall 

20 ft., and the main girders 10 ft. apart. Proceeding as in 

the previous example, and assuming the joists to be 30 in. 

apart, we find the dead load of timber on one joist to be 

42 lbs. x (3-M2) X (10 X 2-5) = -117 ton; 

the live load is 

150 lbs. X (10 X 2-5) = 1*674 tons. 
Total, excluding weight of the joist, 179 tons. 

If this were the total load, and if deflection had not to be 
considered, the most economical section for uge would be 
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one measuring 4| in. x i| in., and weighing lo lbs. per foot 
run. But as a safeguard against excessive deflection, the 
depth of the joist ought not to be less than lo ft. ~ 20=6 in. 
Consequently the smallest permissible section is 6 in. 
X 2 in., weighing 12 lbs. per foot run, and as with a factor 
of 4 this is capable of carrying 2*9 tons, we have an ample 
margin of strength for the span of 10 ft. If economy be 
an object, as we believe it very often is, the spacing of the 
joists ma}^ be increased to 3 ft. 4 in., and even then the 
total load on one joist will be less than 2*5 tons, which is 
well below the carrying capacity of the selected joist. 

Taking now the load on one main girder, the dead 
weight of the timber is 

42 lbs. X (3 -r 12) X (20 X 10) = '94 ton ; 
the weight of seven joists, 3 ft. 4 in. apart, is 

12 lbs. X (7 X 10) =38 ton; 
the live load is 

150 X (20 X 10) = 13-4 tons. 
Total, excluding weight of main girder, 1472 tons. 

The most suitable section is one measuring 14 in. x 6 in., 
weight 46 lbs. per foot run, the safe load for which, using 
a factor of 4, is 16*09 tons. Including the weight of the 
girder, which is '41 ton for the span of 20 ft., the total 
load is 1472 X •41 = 15*13 tons, and the selected girder 
provides a sufficient margin of strength. 

^ (a) Comparison of Examples. — Comparing the total 
weights of the two floors suggested in the above examples, 
we find in the first case that one span of 20 ft. by 10 ft. 
weighs 19*54 tons. Consequently, the load on the pier 
supporting one end of each main girder is approximately 
10 tons, and if there be five such floors the load per pier 
will be 50 tons, in addition to the other loads which must 
be expected. In the second case, one span of 20 ft. by 
10 ft. weighs 15*13 tons. Therefore the load on each pier 
is only about 8 tons, or 40 tons if there be five floors. The 
difference of 10 tons on each pier of the building is an 
important item, and one which emphasises the necessity for 
determining beforehand exactly what system of flooring is 
to be adopted. 

115. Extract from New York Building Law.— 

In concluding our consideration of floor framing, the follow- 
ing extract frojn the New York Puilding l-aw of 1892 jnf^y 



238 STRUCTURAL IRON AND STEEL. 

be usefully quoted : — **A11 iron or steel trimmer beams, 
headers, and tail beams shall be suitably framed and con- 
nected together, and the iron girders, columns, beams, 
trusses, and all other ironwork of all floors and roofs shall 
be strapped, bolted, anchored, and connected together and 
to the walls in a strong and substantial manner. Where 
beams are framed into headers, the angles which are bolted 
to the tail beams shall have at least two bolts for all beams 
over 7 in. in depth, and three bolts for all beams 12 in. 
and over in depth, and these bolts shall not be less than | in. 
in diameter. Each of such angles or knees when bolted 
to girders shall have the same number of bolts as stated 
for the other leg. The angle iron in no case shall be less 
in thickness than the header or trimmer to which it is 
bolted, and the width of angle in no cases shall be less 
than one-third the depth of beam, excepting that no angle 
knee shall be less than 2^ in. wide, nor required to be 
more than 6 in. wide. All wrought-iron or rolled-steel 
beams 8 in. deep and under shall have bearings equal to 
their depth if resting on a wall ; 9 to 12-in. beams shall 
have a bearing of 10 in., and all beams more than 12 in. 
in depth shall have bearings not less than 12 in. if resting 
on a wall. Where beams rest on iron supports and are 
properly tied to the same, no greater bearings shall he 
required than one-third the depth of the beams. Iron or 
steel floor beams shall be so arranged as to spacing and 
length of beams that the load to be supported by them, 
together with the weight of the materials used in the con- 
struction of the said floors, shall not cause a deflection of 
more than one-thirtieth of an inch per lineal fcot of span ; 
and they shall be tied together at intervals of not more 
than eight times the depth of the beam." 

116. Lateral Stays for Floor Beams.— With regard 

to the last stipulation, it may be well to remark that as the 
lateral stiffness of a beam depends upon width rather than 
on depth, the spacing of stays should be governed by the 
ratio of length to width. Thus, when the span exceeds 
about twenty times the width of the beam, lateral stays 
may be required. It should, however, be remembered that 
in actual practice sufficient bracing is usually afforded by 
other constructional details, 
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Full text of Specification for Structural Steel presented 
by the American Section at the Congress of the 
International As social io7i for Testing Materials, 
Paris, 1900, with a viezv to their future adoption 
as a basis for International Standard Specifications. 

STRUCTURAL STEEL FOR BUILDINGS. 



Process of Manufacture. 

I. Steel may be made by either the open-hearth or Bes- 
semer process. 

Chemical Properties. 

1: Each of the two classes of structural steel lor buildings 
shall not contain more than cio per cent, of phosphorus. 

Physical Properties. 

3. Classes, — There shall be two classes of structural steel 
for buildings, namely : rivet steel and medium steel, 
which shall conform to the following physical qualities ; 
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/. — Specificatiopi for Stmctural Steel (continued). 

4. Tensile Tests, — 

Rivet Eteel. Medium steel. 

Tensile strength, pounds per 

square inch 50,000 to 60,000 60,000 to 70,000 

Yield Point, in pounds per 

square inch sball not be 

less than 30,000 35jOCO 

Elongation, per cent, in c'ght 

inches shall not be lt5-s 

than 26 22 

5. Modifications in elongation for thin and thick material. 
— For material less than five-sixteenths inch {^~' ), and 
more than three-fourths inch (J") in thickness, the 
following modifications shall be made in the requirements 
for elongation : 

{a). For each increase of one-eighth inch (J") in 
thickness above three-fourths inch (f"), a deduction of one 
per cent. (1%) shall be made from the specified elongation. 

{b). For each decrease of one-sixteenth inch (yV" ) in 
thickness below five-sixteenths inch (tf") ^ deduction of 
two and one-half per cent. (2!%) shall be made from the 
specified elongation. 

{c). For pins the required elongation shall be fi\e per 
cent, {s/) less than that specified in paragraph No. 4, as 
determined on a test specimen the centre of which shall 
be one inch (i") from the surface. 

6. Bending Tests. — The two classes of structural steel for 
buildings shall conform to the following bending tests ; and 
for this purpose the test specimen shall be one and one- 
half inches (ij") wide, if possible, and for all material 
three-fourths inch (f") or less in thickness the test 
specimen shall be of the same thickness as that of the 
finished material from which it is cut ; but for material more 
than three-fourths inch (f") thick the bending test 
specimen may be one-half inch (\") thick : 

Rivet rounds shall be tested of full size as rolled. 

{ct). Rivet steel shall bend cold 180" flat on itself with- 
out fracture on the outside of the bent portion. 

{e). Medium steel shall bend cold 180^ around a diameter 
equal to the thickness of the specimen tested, without 
fracture on the outside of the bent portion, 
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/. — Specification for Structural Steel {continued). 

Test Pieces and Methods of Testing. 

7. Test Specimen for Tensile Test. — The standard test 
specimen of eight inch (8") gauged length, shall be used 
to determine the physical properties specified in paragraphs 
Nos. 4 and 5. The standard shape of the test specimen 
for sheared plates shall be as shown by tlie following sketch : 
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For other material the test specimen may be the same as 
for sheared plates, or it may be planed or turned parallel 
throughout its entire length, and in all cases where possible 
two opposite sides of the test specimen shall be the rolled 
surfaces. Rivet rounds and small rolled bars shall be 
tested of full size as rolled. 

8. Number of Tensile Tests. — One tensile test specimen 
shall be taken from the finished material of each melt or 
blow ; but in case this develops flaws^ or breaks outside of 
the middle third of its gauged length, it may be discarded 
and another test specimen substituted therefor. 

9. Test Specimen for Bending. — One test specimen for 
bending shall be taken from the finished material of each 
melt or blow as it comes from the rolls, and for material 
three-fourths (f") and less in thickness this specimen 
shall have the natural rolled surface on two opposite sides. 
The bending test specimen shall be one and one- half inches 
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/. — specification for Structural Steel {continued), 

(ij") wide, if possible, and for material more than 
three-fourths inch (J") thick the bending specimen may 
be one-half inch (J") thick. 

Rivet rounds shall be tested of full size as rolled. 

(/). The bending test may be made by pressure or by 
blows. 

10. Annealed Test Specimens, — Material which is to be 
used without annealing or further treatment shall be tested 
for tensile strength in the condition in which it comes from 
the rolls. For material which is to be annealed or other- 
wise treated before use, a full -sized section of tensile test 
specimen length shall be similarly treated before cutting 
the tensile test specimen therefrom. 

11. Yield Point. — For the purposes of this specification, 
the yield point shall be determined by the careful obser- 
vation of the drop of the beam or halt in the gauge of the 
testing machine. 

12. Sample for Chemical Analysis, — In order to deter- 
mine if the material conforms to the chemical limitations 
prescribed in paragraph No. 2 herein, analysis shall be 
made of drillings taken from a small test ingot. 

Variation in Weight. 

13. The variation in cross section or weight of more than 
2 J per cent, from that specified will be sufficient cause 
for rejection, except in the case of sheared plates, which 
will be covered by the following permissible variations : — 

{g). Plates 12 J pounds per square foot or heavier, 
when ordered to weight, shall not average more than 2 J 
per cent, variation above or 2^- per cent, below the 
theoretical weight. 

(//). Plates under 12 J- pounds per square foot, when 
ordered to weight, shall not average a greater variation than 
the following : — 

Up to 75 inches wide, 2 J- per cent, above or 2 J per 
cent, below the theoretical weight. 

75 inches and over, 5 per cent, above or 5 per cent, 
below the theoretical weight. 

(/). For all plates ordered to gauge, there will be per 
mitted an average excess of weight over that corresponding 
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/. — Specification for Structural Steel (continued)* 

to the dimensions on the order equal in amount to that 
specified in the following table : — 

Tables of Allowances for Overweight 
for Rectangular Plates when Ordered to Gauge. 

The weight of one cubic inch of rolled steel is assumed to be 

02833 pound. 

Plates 1/4 inch and over in thickness. 

Width of Plate. 



Thickness of plate. 


Up to 75 ins. 75 


to 100 ins. 


Over ICO ins. 


Inch. 


r.r ce.it. 


Per ceat. 


Per cent. 


'U 


10 


14 


18 


V.6 


8 


12 


16 


Vs 


7 


10 


13 


V.6 


6 


8 


10 


■A 


5 


7 


9 


'/.6 


^/2 


6;^ 


^/2 


Vs 


4 


6 




over s/g 


3/2 


5 


6;^ 




Plates under z/4 inch in 


thickness. 






^Yidth of Plate. 


Thickness of plate. 


Up to 50 incl 


les, 50 


inches and above. 


Inch. 


Per cent. 




Per cent. 


Vs up to 5/33 


10 




i'5 


V32 it ^/i6 


S/z 




I2>^ 


3/16 „ V4 


7 




. 10 



Finish. 

14. Finished metal must be free from injurious seams, 
flaws or cracks, and have a workmanlike finish. 

Branding. 

15. Every finished piece of steel shall be stamped with 
the melt or blow number, except that small pieces may be 
shipped in bundles securely wired together with the melt 
or blow number on a metal tag attached 

Inspection. 

16. The inspector representing the purchaser shall have 
all reasonable facilities afforded to him by the manufacturer 
to satisfy him that the finished material is furnished in 
accordance with these specifications. All tests and in- 
spections shall be made at the place of manufacture prior 
to shipment. 
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//. — S/i(et Iron and Wiie Gaiigts. 



Eitsllsk Slaiidaid Hire Gauge [Full Siu). 

The Birmingliam Wire Gauge (B.W.G.) represented the 
first attempt to secure the adoption of a uniform standard 
of measurement for metal sheets and wire. It is still 
largely used. 

Since March, 1884, the only legalised gauges for these 
materials have been, the Imperial StandrrJ Wire Gauge 
(S.W.G.), for wire, and the gauge known as B.C., for metal 
sheets and hoops. The latter two gauges are sanctioned by 
the Board of Trade, under the provisions of the Weights 
and Measures Act, 187S; and the values have been ofticially 
determined to the ten- thousandth part of an inch. Table III, 
shows tbc comparative values of the different numbsrs for 
each of these three gauges. 
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///. — Thickness and Weight of Iron Sheets. 





Thickness in inches. 


Weight of Sheet Iron per 
square ft. in lbs.* 


Gauge 

No. 








Sheet 


Standard 


Birmingham 








Iron Gauge 
" B.G.'^ 


Wire Gauge 
" S.W.G.^' 


Wire Gauge 
"B.W.G." 


**B.G." 


" B.W.G." 


X 


■3532 


•300 


*3oo 


14*294 


12*150 


2 


•3147 


•276 


•284 


12758 


"•543 


3 


•2804 


•252 


•259 


11-340 


10490 


4 


•2500 


'232 


•238 


IO-I2S 


9*639 


5 


•2225 1 '212 


•220 


9-032 


8910 


6 


•1981 "192 ; '203 


8*739 


8'222 


7 


•1764 '176 , '180 


7-128 


7*290 


8 


•1570 ; '160 '165 


6'359 


6683 


9 


•1398 , -144 -148 


5-670 


5*994 


10 


•1250 '128 '134 


5-063 


5*427 


11 


•11 13 '116 '120 


4-496 


4 86u 


12 


•0991 *io4 '109 


4014 


4*415 


13 


•0882 '092 "095 


3572 


3*848 


M 


•0785 


•080 "083 


3 »79 


3*362 


15 


•0699 


•072 ^072 


2831 


2-916 


16 


•0625 


•064 '065 


2551 


2.633 


17 


•0556 


•056 -058 


2 252 


2'349 


18 


•0495 


•048 ^049 


2-005 


1*985 


19 


•0440 


•040 '042 


1*782 


1*701 


20 


•0392 


•036 1 '035 


1*588 


1-418 


21 


•0349 


•032 1 "032 


I 413 


I 296 


22 


•0312s 


•028 ! ^028 


1-268 


I 134 


23 


•02782 


•024 '025 


1-126 


1*013 


24 


•02476 


•022 "022 


1*004 


*89i 


25 


'02204 


•020 '020 


-891 


*8io 


26 


•01961 •018 


•018 


*794 


•729 


27 


•0174s "0164 


•016 


•709 


*648 


28 


•015625 •0148 


•014 


•632 


•567 


29 


•0139 '0136 '013 


•563 


*527 


30 


•0123 '0124 '012 


498 


*486 


31 


'Olio '0116 'OIO 


•44s 


*40S 



* For steel add 2 per cent. 
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STRUCTURAL IRON AND STEEL, 



JV, — Weight of Metal Plates^ in Founds per Square Foot, 



1 1 

Thickness in \ 
Inches. 1 


Iron. 


Steel. 

1 


Crass. 


Copper. 


Lead. ' 

1 

1 


Zinc. 


.'.'6 


2*5 


2-6 


27 


29 


37 


23 


>8 


5' 


5'2 


5'S- 


5"8 


7'4 


47 


?.'6 


7-5 


7-8 


8-2 


87 


in 


7* 


% 


10* 


io*4 


ir 


ir6 


14-8 


9-4 


5 16 


125 


13* 


137 


14-5 


i8-5 


117 


H 


15- 


15-6 


16*4 


17-2 


22-2 


14" 


Jl6 . 


17-5 


i8-2 


19-2 


20* 


25*9 


i6*4 


'A 


20 • 


208 


21-9 


229 


29-5 


187 


^'6 ; 


22 5 


234 


24 6 


257 


332 


21*1 


H ' 


25- 


26- 


27-4 


28-6 


36-9 


23 '4 


"\^ 


27-5 


28-6 


30-1 


31-4 


40*6 


257 


K 


30- 


31-2 


32*9 


343 


44*3 


28-1 


«/.6 


32-5 


33-8 


35*6 


37'2 


48- 


30*4 


% , 


35- 


36-4 


38-3 


40- 


517 


32-8 


«/^6 


37-5 


39* 


41*2 


429 


55-4 


35*1 


I 


40- 


41 '6 


43*9 


45'8 


59-1 


37-1 



V. — Weight of Flat Bar Iron^ in Pounds per Lineal Foot* 

{For Sieeladd 2 per cent.) 



Width. 





\ in. 


•Si 


i„ 


C3 


1 


M 


a }) 


H 


6 » 
J.. 




I >> 



I 


li 


14 


li 


2 


i\ 


•42 


•53 


•6,1 


74 


•84 


•95 


•84 


1-05 1*26 


1*47 


1-68 


1-90 


1-26 


I -58 I -90 


2*21 


2*53 


2-84 


1-68 


2-1 1 2-53 295 


vn 


379 


2-II 


2-63 3-i6 3-68 


4'2I 


474 


2*53 


3-16,379 4-42 


5-05 


5-68 


2*95 


3-68 4-42;s-i6 


5-89 


6-83 


3'37 


4'2I 


5 -OS 


5-89 


674 


7-58 



2j 


2f 

i'i6 


3 


1-47 


4 


1-05 


1*26 


1-68 


2-II 


2*32 


2-53 


2-25 


3 '.37 


3-I6 3-47 


379 


4*42 


5-0.; 


4*21 4-63 


50s: 5*89 


674 


5-26579 


6-32; 7*37 


8-42 


6-326-95 


7-58 


884 


lOIo 


7*37 


8-IO 


8-84 


10*32 


Il7q 


8-42 9*26 


lO'IO 


1 1 79 


13-48 
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VL — Weighis of Square and Round Bars of Wrought Iron, 

in Founds per Lineal Foot. 

(For Si eel add 2 per cent.) 



Thickness 

or Diameter 

in Inches. 


Square 
Bars. 


Round 
Bars. 


Thickness 

or Diameter 

in Inches. 


Square 
Bars. 


Round 
Bars. 









2 


13*33 


10-47 


V I-16 


•013 


•010 : 


I-16 


14-18 


III4 


1-8 


•052 


•041 


1-8 


15-05 


11-82 


3-16 


•117 


•092 


3-i6 


15*95 


1253 


1-4 


•208 


•164 


1-4 


16-88 


13*25 


5-16 


•326 


•256 


5-16 


17*83 


14-00 


3-8. 


•469 


•368 


3-8 


18-80 


14*77 


7-16 


•638 


•501 


7-16 


19-80 


15*55 


1-2 


•833 


•654 


1-2 


20-83 


1636 


9-16 


1055 


•828 


9 16 


21-89 


17-19 


5.8 


1-302 


I -023 ; 


58 


2297 


18-04 


11-16 


1-576 


1*237 ; 


11-16 


24 08 


18-91 


3-4 


1875 


I '473 


3-4 


25*21 


19 80 


13-16 


2 '20 1 


1-728 


13-16 


26-37 


20-71 


7-8 


2*552 


2*004 1 


7-8 


27*55 


21-64 


15-16 


2*930 


2-301 


15-16 


28-76 


22*59 


I 


3 '333 


2-618 


3 


3000 


2356 


1-16 


3763 


2*955 


1-16 


31-26 


24-55 


18 


4219 


3*313 


1-8 


32*55 


25*57 


3 16 


4701 


3-692 


3-16 


33-87 


26 60 


1-4 


5-208 


4091 


1-4 


3521 


27-65 


5-16 


5742 


4510 


516 


3658 


2873 


3-8 


6-302 


4-950 


3-8 


37*97 


29-82 


7-16 


6-888 


5-410 


7-16 


39*39 


30*94 


1-2 


7-500 


5-890 


1-2 


40-83 


3207 


9-16 


8-138 


6-392 


9-16 


42-30 


33*23 


5-8 


8 '802 


6-913 


5-8 


4380 


34*40 


11-16 


9-492 


7*455 


11-16 


45*33 


3560 


3-4 


I0'2I 


8018 


34 


46-88 


3682 


13-16 


10-95 


8 -60 1 


13-16 


4845 


38*05 


7-8 


11-72 


9-204 


7-8 


50*05 


39*31 


15-16 


12*51 ' 


9828 


15-16 


51-68 


40-59 
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STRUCTURAL IRON AND STEEI, 

VIL — Weights i>f various substances. 



Names of substances. 



Aspbalte 

Bath stone 

Brick, common, hard 

Brickwork, pressed hard 

„ London Stock 

Chalk, in lumps 

Cement, Portland 

Clay 

Concrete, ordinary 

„ in cement 

Earth, common loam, dry, loose 

„ „ „ „ moderately rammec* 

„ as a soft flowing mud 

Gneiss, common 

Granite 

Glass, Crown 

„ flint 

Ice at o*' C 

Lime, quick 

Lmiestone Blue Lias 

Maionry, of granite or limestone, well dressed. 

Mortar, hardened 

Mud, dry, close 

Quartz 

Pilch 

Portland stone 

Sand, dry pit 

„ damp 

„ quartz 

„ river 

,, Thames 

Shingle 

Slate , 

Tile, common 

Wood, birch 

„ oak 

n pine 

„ teak 

Water at 32** F 

» „ 39.1° F 

» „ 50^ F 

» ., 600F 

» » 70° F 

., „8o« F 

» ^Qo"* F 



Pounds per cubic 
foct. 



150" 
123- 
125- 
140* 
115- 

8o- 
90- 

119' 
119* 

136" 
76- 

95- 
io8- 

l68- 

170- 

157' 
192* 

57-2 
53- 

154- 
i65' 

103* 

80 to 100. 

165-4 
70' 
isr 
loo' 
ii8' 
170' 
117' 

I02* 

88- 

175* 
115- 

437 
46-8 

31*2 

50* 
62*418 

62*425 

62*409 

62*367 

62*302 

62*218 

62*119 
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VIII, — Weights, Melting Points^ and Expansion of Metals, 



Name. 


Weight in lbs. 

per cubic 

foot 


Melting Point 
in deg. Fahr. 


Co-efficient of 

Expansion per 

deg. Fahr. 


Brass 

Copper ... 
Gun Metal 
Iron (cast) 

„ (wrought) . 
Lead 
Steel 

Tin 

Zioc 




525 
540 
530 

450 
480 
710 
490 

4';5 
437 


1700 
1930 

2000 
2900 

612 . 
2500 

446 

17f> 


•00001047 
•00000887 

•00000616 

•00000657 

•00001555 

•00000680 

•OOOOI2I 

•00001636 



IX, — Decimal Equivalents of Pounds^ in Parts of a Ton, 



lbs. 



tons. 



I 

2 

3 

4 

5 
6 

7 
8 

9 
10 

II 

12 

13 

14 

15 
16 

17 
18 

19 
20 
21 
22 

23 

24 

25 
26 

27 
28 



•000446 
•000893 
•001339 
•001786 
•002232 
•002679 
•003125 
•003571 
•004018 
•004464 
•0049 II 
•005357 
•005804 
•006250 
•006696 

•007143 
•007589 

•008036 

•008482 

•008929 

•009375 
•009821 

•010268 

•0107 14 

•01 1 161 

•011607 

•012054 

•012500 



lbs. 



trns. 



29 
30 

31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

43 

44 

45 
46 

47 
48 
49 
50 

51 
52 
53 
54 
55 
56 



•012946 

•013393 
•013839 

•014286 

•014732 

•015179 

•015625 

•016071 

•0165 18 

•016964 

•017411 

•017857 

•018304 

•018750 

•019196 

•019643 

•020089 

•020536 

•020982 

'021429 

•021875 

•022321 

•022768 

•023214 

•023661 

•024107 

•024554 
•025000 



lbs. 



tors. 



57 = -025446 

58 = ^025893 

59 = -026339 

60 = ^026786 

61 = ^027232 

62 = '027679 

63 = ^028 125 

64 = '028571 

65 = ^0290 1 8 

66 = -029464 

67 = -029911 

68 = -030357 

69 = '030804 

70 = ^031250 

71 = -031696 

72 = ^032 143 

IZ = '032589 

74 = "033036 

75 = '033482 

76 « -033929 

n = '034375 

78 = -034821 

79 = '035268 

80 = -035714 

8 c = 036161 

82 = -036607 

83 = '037054 

84 = '037500 



lbs. 



tons. 



85 
86 

87 
88 

89 
90 

91 
92 

93 

94 

95 
96 

97 
98 

99 
100 

lOI 

102 
103 
104 
105 
ic6 
107 
108 
109 
no 
III 
112 



•037946 

•038393 
•038839 

•039286 

•039732 

•040179 

•040625 

•041071 

•041518 

•041964 

•042411 

•042857 

•043304 
•043750 
•044196 
•044643 
•045089 

•045536 
•045982 
•046429 
•046875 
•047322 
047768 
048214 
048661 
•049107 

•049554 
•05 
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STRUCTURAL IRON AND STEEL, 



X, — Decimal Equivalents of Inches^ in parts of a Foot^ 



Inches. 


r 

Feet. ! 


1 

i6ths 
ofan inch. 

1 


Feet. 


33nds 
ofan inch. 


Feet. 


I 


•08333 


I 


•00521 


I 


•00260 


2 


•16666 


2 


•OIC4I 


3 


•00781 


3 


•25 


3 


•01562 , 


5 


•01302 


1 4 


•33333 


4 


•02083 


7 


•01823 


1 5 


*4i666 


5 


•02604 


9 


•02344 


6 


•5 


6 


•03125 


II 


•02864 


7 


•58333 


7 


•03646 


13 


•03385 • 


8 


•66666 


' 8 


•04166 


15 


•03906 


9 


•75 


9 


•04687 


17 


•04427 


• 10 


•83333 


10 


•0520S 


19 


•04948 


1 II 

1 


•91666 


II 


•05729 


21 


•05469 


1 


1 


12 


•06250 


23 


•05989 






13 


•06771 


25 


•06510 






14 


•07292 


27 


•07031 


1 




15 


•07813 


29 


•07552 


! 

1 




1 


1 


31 


•08073 



XI. — Decifnal Equivalents and Squares of Fractions, 



32nds. 

I 


1 

Dec. equlv. 

1 


Square. 


i6ihs. 

I 


Dec. equiv. 


Square. 


1 
•03125 


1 
•000977 


•0625 


•003901 1 


3 


•09375 


•008789 


2 


•125 


•015625 


5 


•15625 


•024414 


3 


•1875 


•035156 


7 


•21875 


•047852 


4 


•25 


0625 


9 


•28125 


•0791 


5 


•3125 


•09766 


II 


•34375 


•I1817 


6 


•375 


•14063 ' 


13 


•40625 


•16504 


7 


•4375 


•19141 


15 


•46875 


•21973 


8 


•5 


•25 


17 


•53125 


•28223 


9 


•5625 


•3164I 


19 


•59375 


•35254 


10 


^l^ 


•39063 


21 


•65625 


•43067 . 


II 


•6875 


•47266 


23 


•71875 


•5 166 1 


12 


•75 


•5625 


25 


•78125 


•61035 


13 


8125 


•66016 


27 


•84375 


•71 192 


14 


•875 


•76563 


29 


•90625 


•82129 


15 


*9375 


•87891 


31 


•96875 


•93848 
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XII, — Metric Conversion Table, 

Measures of Length, 
Millimetres x '03937 = inches. * 
Millimetres ^ 2 5 '4 == inches. 
Centimetres x '3937 = inches. 
Centimetres-T-2'54 = inches. 
Metres = 39*37 inches. 
Metres x 3*281 = feet. 
Metres x 1*094 = yards. 
Kilometres x •621 = miles. 
Kilometres x 3280*7 = feet. 

Measures of Surface, 
Square Millimetres x *oi 55 = square inches. 
Square Millimetres -^645*I = square inches. 
Square Centimetres x "155 = square inches. 
Square Centimetres-T-6*45i = square inches. 
Square Metres x 10*764 = square feet. 
Square Kilometres x 247*1 =acre^. 
Hectares x 2*471 = acres. 

Measures of Capacity. 
Cubic Centimetres -T- 16*383 = cubic inches. 
Cubic Metres x 35*315 = cubic feet. 
Cubic Metres x 1*308 = cubic yards. 
Cubic Metres x 220*1 = gallons. 
Litres x 61*022 = cubic inches. 
Litres x *22oi = gallons. 
Litres -^ 4*5436 = gallons. 
Litres-^ 28*316 = cubic feet. 

Measures of Weight, 
Grammes x 1 5*432 = grains. 
Gramines (water) -^ 29*57 = fluid ounces. 
Grammes -^ 28*3 5 = ounces avoirdupois. 
Grammes per cubic c.m.-r27*7 = pounds per cubic inch. 
Kilograms x 2*2046 = pounds. 
Kilograms x 3.53 = ounces avoirdupois, 
Kilograms-Moi6 = tons (224olbs.) 
Kilograms per square cent, x 14*223= pounds per 

square inch. 
Tonnes x -9842 = tons (2240 lbs.) 

Measures of Power, 
Kilo-watts-7-i *34 =horse power. 
Watts X 746 = horse power. 
Calorie X 3*968 = B.T. U. 
Cheval vapeur x •9863=horse power 
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STRUCTURAL IRON AND STEEL. 



a 

a 
U 



AT//. — Comparison of Thermometers . 

Fahrenheit to Centigrade, 

(F.— 32) X 4 = Degrees C.) 




50 


1 
1 

lo- 


51 


IO-6 


52 


in 


53 


117 ' 


54 


12*2 


55 


12-8 1 


56 


133 


57 


139 


58 


144 


59 


15- 1 


60 


15-6 

1 



61 
62 

63 
64 



i6'i 
167 

IV2 
17-8 



72 

73 
74 
75 



22"2 
22-8 

23'3 
239 



83 

84 
85 

86 i 30- 



65 

66 


1 8-3 
189 


67 
68 


194 

20' 



69 

70 
71 



20*6 II 
2I"I 
217 I 



76 


24-4 


87 


30*6 


77 


25- ' 88 


311 


78 


25-6 ii 89 


317 


79 261 , 


90 


322 


80 


267 


91 


32-8 


81 1 27-2 1 


92 


33-3 


82 


278 


93 


33-9 



Centigrade to Fahrenheit. 
(e C + 32=DegreesF.) 






8 






ctf 

«^ 

ho 

s 

u 



Ik 



2 

c 
U 



1 
10 


50- 


, »8 


1 

644 


26 


IX 


518 


19 


66-2 


27 


12 


53'6 


1 20 


68- 


28 


13 


55 '4 


i 21 


69-8 


29 


14 


57-2 


1 22 


7i*6 


30 


15 


59- 


1 23 


734 


31 


16 


6o-8 


24 


7S'2 


32 


17 


626 


25 

1 


77- 


33 



0) 
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XIV. — squares. Cubes, Square Jioois, and Cube Jioots. 
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STRUCTURAL IRON AND STEEL. 



XF, - Circumferences and Areas of Circles. 

{Front I to 25.) 



Diam. Circumf. Area. 

1 - 


Diam. Circunif. 

1 


Area. 

1 


Diam. 


Circumf. 


Area. 


1-32 -098175 -00077 


1 

1. 13-16 S'694I4 2-5802 


4. 9-16 


14*3335 


16-349 


I-16 -1963501003071 


7-8 


5-89049 27612 


5-8 


14*5299 


i6-8oo 


3-32 -294524 00690! 


15-16 


6-086842-9483 


Ii-i6 


14-7262 


17*257 


1-8 -392699 -01227 


2. 


6-28319 


3-1416 


3-4 


14*9226 


17-721 


532 -490874-01917 


1-16 


6-479533*3410, 


13-16 


15*1189 


18190 


3-16 -589049-02761 


1-8 ' 66758813-5466 


7-8 15-3153 


18-665 


7-32 •687223-03758 


3-16' 6-8722337583; 


15-16 15-5116 


19-147 


1-4 78539^ '04909 


1-4 1 7-068583^9761 


5. 


157080 


19*635 


9-32 -88357306213 


5-16 7*26493 


4-2000 


1-16 


159043 


20*129 


5-16 -981748-07670 


38  7-46128 


4*4301 


18 


16-1007 


20-629 


11-32 1-07992 1-09281' 


7-16 7 '65763 


4-6664 


3-16 


16-2970 


21-135 


3-8 1-17810 ! -1 1045 


1-2 7-85398 4*9087 


1-4 


16-4934 


21*648 


13-321-27627 -12962 


9-16 8-05033'5i572 


5-16 


16-6S97 


22*l66 


7-16 1-37445 -15033 


5-8 8-24668;5^4ii9 


3-8 


16-8861 


22-691 


15-321-47262 ;-i7257i 


11-16 8-44303 5*6727 


7-16 


17-0824 


23-221 


1-2 1-57080 !• 19635 


34 1 8 -63938; 5 -9396 


1-2 


17*2788 


23*758 


17-32 I 66897 -22166 


13-16 "  


8-835736-2126 


9-16 


17*4751 


24-301 


9-16 1 -767 1 5 -24850, 


7-8 


9-032086*4918 


5-8 


17-6715 


24-850 


19-321-86532 -27688! 


15-16 9-22843|6-777ii 


11-16 


17-8678 


25 "406 


5-8 1-96350 -306803. 9-4247817.0686' 


3-4 


18-0642 


25-967 


21-322 06167 -338241 


1.16' 962113 7-3662 


13-16 


18-2605 


26-535 


11-162-15984 "37122 


1-8 9-8i748'7-6699 


7-8 18-4569 


27-109 


23-32225802 1-40574 


3-16 10-0138 


7-9798, 


15-16 


18-6532 


27-688 


3-4 2-35619 -44179' 


1-4 10-2102 


8-2958' 


6. 


188496 


28*274 


25-322-45437 '47937 


5.16 10-4065 


86179 


1-8 


19-2423 


29*465 


i3-i6;:j-55254 


•51849 


3-8 


10-6029 


8-9462 


14 


19*6350 


30680 


27-322-65072 


•559141 


7-16 


10-7992 


9-2806 


3-8 


20-0277 


31*919 


7-8 '2-74889 


60132 


1-2 


10 9956 


9-621 1 


1-2 


20*4204 


33*183 


29-322-84707 


•64504 


9-16 


11-1919 


9-9678 


5-8 


20-8131 


34*472 


15-162-94524 


-69029 


5-8 


11-3883 10-321; 


3-4 


21*2058 


35785 


, 31-32 


3-04342 


•73708, 


11-16 


1 1 -5846 


10-680 


. 7-8 


21*5984 


37-122 


1. 


3'i4i59 


•78540; 


3-4 


1 1 -7810 


11-045 


7. 


21-9911 


38-485 


1-16 3-33794 


•88664 


13-16 


11*9773 


11*416 


1-8 


22-3838 


39*871 


1-8 


3*53429 


•99402 


7-8 


12-1737 


"*793 


j-4 


22-7765 


41*282 


3.16 


3 '73064 


1-1075' 


16-16 


12-3700 


12-177 


3-8 


23-1692 


42-718 


1-4 


3-92699 


1-22721 


4. 


12-5664 


12-596 


1-2 


23-5619 


44*179 


5.16 


4*12344 


I *353o 


1-16 


12-7627 


12 962 


5-8 


23-9546 


45*664 


3-8 


4-31969 


1-4849 


1-8 


12-9591 


13*364 


3-4 


24*3473 


47*173 


7-16 


4-51604 


1 6230 


3-16 


13*1554 


13*772 


7-8 


24-7400 


48-707 


1-2 


471239 


1-7671 


1-4 


13*3518 


14-186 


8. 


25-1327 


50*265 


9-16 


4*90874 


1-9175 


5-16 


13*5481 


14-607, 


1-8 


25*5254 


51-849 


5-8 


5-10509 


2 '07391 


3-8 


13*7445 


15*033! 


1-4 


25-9181 


53*456 


11-165-30144 


2-2365' 


7-1613-9408 


15*466, 


3-8 


26-3108 55-088 


3-4 i5'49779 2-4053 


1-2 14-1372 15-904 


! 1-2 '26-7035 


56-745 


J 


I 


I 1 




1 


I I 
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XV. — Circumferences and Areas of Circles — continued. 


Diam. 


Circumf. 


Area. 


Diam. 


Circumf. 


Area. 


Diam. 


Circumf. 


Area. 


8. 5-8 


27 0962 


58-426 


14. 18 


44*3750 


1567019.5-8 


61 '6538 


302-49 


f:a 


27-4889 


60-132 


1-4 


44-7677 


159*48, 


3-4 1620465 


306*35 


78-8816 


61-862 


3-8 


45-1604 


162-30 


78 62-4392 


31024 


9. 


28-2743 


63*617 


1-2 


45*5531 


165-13 


20. 


62-8319 


314-16 


1-8 


28-6670 


65*397 


5-8 


45-9458 


167-99 


1-8 


63-2246 


318-10 


14 29-0597 1 


67-201 


3-4 


46-3385 


170-87 


1-4 


63 6173 


322-06 


3-8 294524 1 


69-029 


7-8 


46*7312 


173-78 


3-8 


64'oioo 


32605 


1-2 


298451 '708821 


15. 


47*1239 


176-71 


1-2 


64*4026 1330 -c6 


5-8 


30-2378 


72-760 


1-8 475166 ; 


179-67 


5-8 64-7953 


334* 10 


3-4 


306305 


74-662 


1-4 


479093 


182*65 


3-4 


65-1880 


338*16 


.7-8 


31-0232 


76-589 


3-8 


48 3020 


185-66 


7-8 


65*5807 


342*25 


10. 


31*4159 


78540 


1-2 


48-6947 


188*69 


21. 


65*9734 


346*36 


1-8 


31-8086 


80-516 


5-8 


490874 


191-75 


1-8 66-3661 


350*50 


1-4 


32-2013 


82-516 


3-4 


49-4801 


194-83, 


1-4 166-7588 354*66 


3-8 


32-5940 84-541 


7-8 49-8728 ' 


197-93! 3-8 '67*1515 358-84 


1-2 32*9867 


86-590 


16. 


50-2655 


201 06; 1-2 67 5442 363-05 


5-8 


33*3794 


88-664 


1-8 


50*6582 


204-22 5-8 67-9369 367 28 


3-4 


33*7721 


90763 


1-4 


51*0509 


207-39 


3-4 


68-3296 


371*54 


7-8 


34 1648 


92886 


3-8 


51*4436 


2io*6o 


7-8 


68*7223 


375*83 


11. 


34*5575 


95033 


1-2 


51-8363 


213*82 


22. 


69-1150 


380-13 


1-8 


34*9502 


97-205 


5-8 


52-2290 


217 08 


1-8 


69-5077 


384*46 


1-4 


35*3429 


99-402 


3-4 


52-6217 


220-35! 


1-4 '69-9004 


388*82 


3-8 357356 


101-62 


7-8 '530144 


22365 


3-8 170*2931 


393-20 


1-2 


36-1283 


103-87 


17. '53*4071 


226-9811 1-2 70*6858 '397'6i 


5-8 


36-5210 


106 14 


1-8 


537998 


230*33 


5-8 


71*0785 402*04 


3-4 


369137 


108-46 


1-4 


54*1925 


23371 


3-4 


71*4712 406*49 


7-8 


37*3064 


110-75 


3-8 154-5852 


237-10 


1-^ 


71*8639 


410*97 


12. 


37-6991 


113*10 


1-2 54*9779 


240*53 


23. 


72*2566 


415*48 


1-8 


38-0918 


115*47; 


5-8 


55-3706 


24398 


1-8 


72*6493 


420*00 


1-4 


38-4845 


117-86 


3-4 


55-7633 


247*45 


1-4 


73 0420 


424-56 


3-8 


38-8772 


120-28 


1 7-8 


56-1560 


250*95; 


3-8 173 '4347 


429-13 


1-2 


39-2699 


122-72 


18. 


56-5487 


254*47 


1-2 


73*8274 


43374 


5-8 


39 6626 


125-19 


1-8 


56-9414 


258-02 


5-8 


74*2201 


438-36 


34 


400553 


127 68 


1-4 


57*3341 


261-59 


3-4 


74*6128 


443-01 


78 


40-4480 


130 19 


3-8 


57-7268* 


265-iS 


7-8 


75*0055 


447*69 


13. 


40-8407 


13273 


1-2 I58 1195 


268-80 


24. 


75*3982 


45239 


1-8 


41*2334 


135*30 


5 8 158-5122 


272-45 


1-8 


75*7909 


457 II 


1-4 


41-6261 


137-89 


3-4 


58 9049 


276-12 


1-4 


76*1836 


461*86 


3-8 142-0188 


140*50 


'78 


59 2976 


279-811 


3-8 


76*5763 


466 64 


I 2 


42-4115 


143*14 


19. 


59*6903 


383*53 


1-2 


76-9690 


471-44 


5-8 


42*8042 


145-80 


1-8 


60*0830 


287-27 


5-8 


77-3617 


476*26 


3-4 !43'I969 


148*49 


1-4 ;6o-4757 


291-04 


3-4 


77*7544 


481-11 


7-8 '43 5896 


151-20 


' 3-8 !6o-S684 


29483 


7-8 


78-1471 


485-98 


14. i43'9823 15394 


1 1-2 61 -261 1 

1 


298-65:25. 785398 !490*87 
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Automatic • feed punching 

machine... ... ... 77 

Areas and circumferences of 

circles 254 

Ashlar anchors 1 36 

B 

Bases and base plates ... 1 68, 1 82 

Beam anchors 136 

,, supports.. ... 172, 179 

Beams, calculation of strength 214, 

216, 218 
„ cantilever 182, 183, 185, 189 
„ compressive stress in... 205 

,, compound 223 

, , connexions for 73, 223, 230 
,, continuous ... 188, 200 

,, definitions of 183 

,, deflection of 221 

,, design of 210 

,, details of 223 

„ distribution of stress in 206 
, , effect of loads on ... 1 83 
, , forms of ... 209, 223 

,, floor ... ... ... 235 

,, lateral stays for ... 238 

,, monnents of inertia for 207 
,, New York Building Law 283 
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Beams, pitch of rivets for ... 120 
,, principal stress in ... 211 
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,, shearing stress in ... 209 
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supports for 172, 179, 190 

systems of loading for 192 

,, tensile stress in ... 205 

,, transverse stress in ... 205 

,, uniform strength, of ... 203 

Bearing area and pressure ... 113 

Bending moment 158, 189, 191-200 

calculation of 192 
diagrams of 

193-200 
due to differ- 
ent systems 
of loading 192 
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of 191-201 
relation to 
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force ... 202 
Bending stress .. . 44, 164 205 

„ tests 57, 240 

Bessemer iron 36 

„ process ... 36, 38 
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Birmingham wire gauge 244, 245 

Blackband ore 3,7 

Blast furnace I3i 15 

.» }) slag 17 

Blister steel 38 
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Board of Trade proportions for 

riveted joints 119 

Bog-iron ore 4 

Bolted joints 73> 125 

Bolls, applications of 127 

,, excessive strain on ... 129 
„ forms of... ... ... 125 

,, foundation 135, 168, 170 

,, 5 afe loads for 130 

„ shearing stress in ... 130 

,, tensile stress in 129 

,, "Whit worth's standard for 128 
Brackets, angle 179, 181, 227,238 

15reaking load 42 

Buildings, floor loads for various 

233» 234 
„ structural iron and 
,, steel for 40, 6oj 61, 239 
„ vibration in ... 234 

Burnt-on joints 73 

Butt joints 94-96 

,, straps or covei -plates 94, 118, 

ii9, 121 



Cantilevers ...182, 183, 185, 189 
Cantilever construction ... 182 

Capitals of columns 168, 171, 172, 

174 
Carbon 6, 17, 21, 37 

Carburetted iron 17 

Casting... ... ... ... 27 

Castings, chilled 29 

metal for vaiious ... 20 
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Cast iron ... 19, 29, 30, 56 
„ defects of 22, 27, 137, 
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,, crystallisation of 23, 28 
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Cast steel 3^, 63 

Catalan forge ... 36 

Cemented steel 38 

Centre-point punch ... 75*76 

Chain-riveting 95 

Charcoal finery 31 

Chemical changes in smelting 12 
Chemical composition of cast 
iron ... ... ... ... 29 

Chemical composition of iron 
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Chemical properties of structural 

steel 239 

Chilled castings 29 

Circles, areas, and circumfer- 
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Clay ironstone 3 

Coach screws 135 

Co-efficient of cubic compressi- 
bility 50 

,, „ elasticity 50, 62 

,, resilience ... 50 
„ rigidity ... 59 

„ transverse rupture 

53, 57, 213 
(See also Modulus.) 

Cold- blast process 16 

Cold-short metal 27 

Cold rolling 39, 64 

Columns, bases and base-plates 

for..i ... 168, 182 

,, built-up 176 

,, capitals of 168, 171, 172, 

174 
„ cast iron 137, 157, 166, 

167 

connexions for 170, 179, 

181 

corrosion 01 ... 138 

cruciform ... 1 67, 176 

,, curvature of .. . 168, 178 

,, cylindrical 151, 167, 175 
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Eiiler*s investigation 
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fixity of ends 143, 144, 164 
foundation bolts for 135, 

168, 170 
foundations for 168-182 
Gordon's formula for 142, 

149 
Il-section ... 167, 177 
llodgkinson's eiperi- 

mcnts 139 

„ formula 142 

incipient tension in 158, 

162 
MoncrieflTs formulas 

for ... 159, 162 

Moncrieffs theory ... 157 
„ investigation 155 
New York Building 

Law 237 

ornamental 167 

Phoenix section 153, 178, 

181 
practical projxjrtions 167 
Rankine's formula for 

144, 149 
rectangular section 151, 

177 
resistance to h'gh 

temperatures ... 138 

round-ended 140, 143, 

144, 146, 162, 170 

safe loads for 152, 154 

steel ... 154, 17s, 177 

strength of ... 137, 139 

varieties of 140, 166, 175 

wrought iron 151, 153, 

175 
Z-bar ... 154, 177 

Comparison of Thermometers 252 

Composition of cast iron ... 29 

,, ,, iron ores ... 4 

Compressed steel ... ... 39 

Compressive strength of cast 

iron ... ... 56 
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Compressive strength of malle- 
able cast iron 59 
,, of wrought 60 
,, )) steel ... 62 
Compressive stress ...44, 48, 205 

Connexions 68, 74 

„ for beams 73, 223. 230 

,, ,, columns 170,179, 181 

(See also Joints.) 
Continuous beams ... 188, 200 
Contraction of castings 23, 63 

Contraction and Expansion ... 232 
Contraction of area . . . 60, 62 

Contraction rule, pattern makers 23 

Converter 36, 38 

Cooling castings 28 

Coping anchors 136 

%,^(jr6s ••■ ••• ••• ••• ^/ 

Corrosion 138 

Cotters and pins 125, 131, 132 

Countersinking ... 75, 83 

Cover-plates ... 94, 118, 119, 12 1 

Crucible steel 38 

Crystallisation, laws of 23, 28 

Cubes an(kcub» roots 253 

Curtain wall supports 179 



Dead loads ... 42, 184, 233 

Decimal equivalents of fractious 250 

,, „ ,, inches 250 

„ „ „ pounds 249 

Defects of castings 22, 27, 137, 168 

„ „ columns 137, 157, 168, 

178 
,, ,, patterns ... ... 22 

,, ,, riveting ... 88, 89 

,, ,, rolled sections ... 33 

Deflection of beams 221 

Design of beams 210 

Details of beams 223 

Diagrams, graphical 192 

of bending moments, 

193-200 
,, shearing forces 193-200 
,, stress 205, 206, 207, 

21Q 
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Drilling 75, 83 
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Dry puddling 31 

Dry sand moulding 24 



Efticicncy of riveted joints 1 22- 1 24 
Efficiency of welded joints ... 70 
Elasticity, coefficients of 50-62 

Elastic limit 45,61-64 

,, ,, modification of 47, 63 

Elastic properties of cast iron 58 
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„ ,, „ wrought iron 60 

), strain ... ... ... 44 

Electrical welding 69 

tlongation of iron and steel 58, 60, 

62, 63, 64, 240 
Euler*s investigation as to 
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E.xpinsion of metals 
Expansion bolts 
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,, loads... 
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Eye-bars 
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. 232, 249 
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.41, 183-190 
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Factors of safety ... 54) 191 

Failure of eye-bars 133 

„ ,, riveted joints 97-100 
Fatigue of metals ... , ... 46 

Ferrie blast furnace 15 

Ferro-chromium 18 

,, -manganese ... ... 18 

,, -silicon ... ... 18, 21 

Fibre stress intensity 212 

Fibrous wrought iron 36 

Fireproof floors, supports for 230 

Fishplates ... 227 

Flasks or moulding boxes ... 25 

Floor beams , 235 

,, framing 233 

3t loads 233, 234 
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Foundations for columns 168-182 
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Joggled joints 228 
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Kidney qre 
Kilns, roasting... 
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Lag screws I35 

Lap-riveted joints ... 73, 94, 104 
Lap-welded ,, ... ... 70 

Lap of plates for joints ... 121 

Lateral stays for beams ... 238 

„ load on beam supports 190 
Laws of crystallisation ... 23 

Lewis bolts ... ... ... 135 

Limit of elasticity ... 45 6 1  64 
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Live or moving load 42, 162, 233 
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190, 192 
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215, 218, 233-238 

„ breaking 42 
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dead ... 42, 184, 233 

definitions 41 
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external .. 41, 183-190 

floor 233, 234 
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Measurement of bending 

moment 191 -201 

Measurement of stresses and 

strains 47 

Melting points of metals ... 249 
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Motion, angular 145 

Mottled iron I7f 20 

Moulding 24, 26 
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Manufacturers of BLINDS for FIRE PROTECTION. 

Vide British Fire Protection Committee's Report of Teet, IMey 33, 1900. 



Blinds 



INSIDE 1-^ I IIVTIAC7 OP ALL 

AND 

OUTSIDE M^^MK^^Kk ^M^^A^ KINDS. 



Q. A. WILLIAMS & SON, 

21, QUEEN'S ROAD, 

BAYSWATER, LONDON, W. 
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THE •• INVISIBLE " OUTSIDE BLIND, 

Unseen when not in use. 

THE ••UNIVERSAL" OUTSIDE BLIND, 

Si ntol^Jt extant. 
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WHITTAKER'S MECHANICAL ENGI- 
NEER'S POCKET BOOK. 

By Philip R. Bjorling. Pott 8vo, limp roan, gilt edges, 5s. 

*' The book is evidently framed with a thorough appreciation of the most modern needs of 
the engineer." — Marine Engineer^ 

ENGINEER DRAUGHTSMEN'S WORK. 

Hints to Beginners. By A Practical Draughtsman. With 80 Illustralions. 

IS. 6d. 

" A more efficient and instructive help than this little book is impossible to conceive." — 
Railway Engineer, 

PRACTICAL TRIGONOMETRY. 

For the Use of Engineers, Architects, and Surveyors. By Henry Adams, 
M.Inst.C.E., M.Inst.M.E., F.S.L, Professor of Engineering at the City of 

London College. 2s. 6*1. net. 

STEEL WORKS ANALYSIS. 

By J. O. Arnold, Professor of Metallurgy, Sheffield University College. With 
22 Illustrations and Diagrams. Crown 8vo^ los. 6d. 

WHIITAKER it CO., White Hart Street, Paternoeter Square, London, 
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SPRAGUE & COgtd .^ Sri"- 

having devoted their attention for several years to the 
requirements of the Architectural Profession, are enabled 
to offer special facilities for the execution of the various 
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day; or by return of post to the Country. 

FAIR COPIES of Specifications, Contracts, Reports for Competitions, 
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PHOTO-LITHOGRAPHY rapidly executed in a superior manner. 
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PROCESS BLOCKS. We are now in a position to supply Half-tone 
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